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Abstract 
 O’Neill Motor Company requested a redesign of the NorEaster helicopter engine to 
improve its power to weight ratio and reliability. Their current prototype of a cam-driven radial 
piston engine does not have the power output necessary to compete with similarly sized gas-
turbine engines. Additionally, the prototype is not robust enough for production. The final design 
will last 100,000 hours of operation with 8 diesel engine heads. All dynamic components were 
designed for fatigue. Specialized composite cams were developed to minimize weight and 
maximize fatigue life. The cam tracks were made of induction-hardened 4340 steel for maximum 
surface fatigue life and the cam structures were made of 6061 – T6 aluminum to minimize 
weight. Logarithmic roller followers were utilized to reduce stress concentrations on the cam 
tracks and further extend their fatigue life.  
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Introduction 
 O’Neil Motor Company has engaged the design group to create an improved variation of 
their current Nor’Easter helicopter engine that includes 8 piston assemblies running on diesel. 
The owner of the company, James O’Neil, is particularly interested in the power to weight ratio 
of the assembly, thus weight reduction will be considered at every stage, and in every component 
of the project. Aside from weight, the main task is to size everything appropriately to withstand 
the higher forces associated with the new diesel engine heads.   
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Background Research 
OMC's main product is the Nor’Easter UAV power plant. OMC's patented design allows 
the motor to perform gearless reduction, output contra-rotation motion, and push propeller 
motion, while maximizing efficiency, power density, and durability. When coupled to a UAV 
helicopter platform, the Nor’Easter would allow maximum maneuverability and increased high 
and low speed stability in an infantry level weapons craft. 
 
Below is Figure 1of the two-lobe cam that is installed on the current prototype of the 
Nor’Easter engine. The engine has two cams that turn in opposite directions. This design allows 
for counter-coaxial rotation without the use of an external transmission, thus lowering the weight 
of the helicopter, as well as improving reliability.  
 
 
Figure 1: Two-lobe Cam. 
The piston assembly contains a connecting rod which is linked to the crankpin. The 
follower shaft will hold both cam-followers at their ends, as shown in Figure 6. These cam-
followers will be placed inside the cam track as shown in Figure 2.  
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Figure 2: Internal Dynamics of Two-lobe Cam. 
 
 The current OMC prototype has two cylinderss running on gas driving two two-lobe 
cams and they wished to design their future prototype with 8 cylinders running on diesel fuel 
with four lobe cams. Figure 3 is a design of an 8 cylinder engine running on two, two lobe cams 
that OMC independently developed. 
 
 
Figure 3: Eight Cylinder Configuration Running Two-lobe Cam. 
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Goal Statement 
 Redesign the Nor’Easter engine to run with eight cylinders running on diesel fuel, while 
minimizing overall weight.    
Task Specifications 
 Must have a full four stoke engine cycle per revolution of the cam 
 Must be sized to withstand 1500 psi diesel explosive forces 
 Must be able to run a 3 inch stroke to be compatible with Army engine design 
 Piston must be able to run at 3600 rpm for Army and Diesel configurations 
 Must have 75 hp auxiliary shaft output  
 Must produce enough lift to carry 700 lb payload and weight of helicopter 
 Must be designed for infinite life 
 Redesign valve train to have intake and exhaust run off a single split cam 
 Weight must not exceed 900 lb 
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Design Description 
 Design began from the inside out. At our disposal was a current working model, thus the 
main task in this redesign was to analyze the stresses induced from adding more, and more 
powerful, cylinders to the assembly, and resize everything accordingly. Upon gaining 
preliminary data on power estimates, the design began with sizing the crankpin, and the attached 
roller bearings.  
Crankpin and Bearing Design 
 
To design the crankpin and select suitable bearings, the forces acting upon them were 
first determined for three power-plant options. A diesel engine, a BMW motorcycle engine, and 
the army generator engine currently used are considered. Table 1 shows the specifications of the 
three selected engines. Using program Engine, the maximum and minimum, alternating and 
mean forces were found for the different engine options. As shown in Table 1 below the diesel 
cylinder option produces significantly greater forces than the other two options. For this reason 
we designed the crankpin and bearing using the dynamic forces of the diesel engine. 
Table 1 :Engine Specifications and Force Modeling. 
 Engine Option Pressures in PSI Forces in lb/cylinder 
 Army BMW Diesel 
Bore  3” 3.7” 3.75” 
Stroke  3” 2.75” 2.75” 
Explosion Pressure 1,000  1,000  1,500  
Maximum Force 7,500  14,081  18,104  
Minimum Force -320  -5,503  -1,436  
Mean Force 931  1,397  2,152  
Alternating Force 6,569  12,684  15,952  
 
The loading on the crankpin is from the gas explosion force and the inertial forces of the 
moving components of the engine. The forces acting on the crankpin for the diesel engine option 
are shown in Figure 4. The forces acting on the crankpin were approximated to be in alternating 
loading. The mean force was found by averaging the forces found at each data point in the 
engine’s cycle. The alternating force was found subtracting the mean force from the maximum 
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force. The resulting alternating loading shown in Figure 5 is equivalent to the dynamic loading in 
Figure 4 for machine design purposes.  
 
 
 
Figure 4: Gas and Inertial Forces  
at Crankpin for Diesel Configuration. 
 
Figure 5: Alternating Loading  
at Crankpin for Diesel. 
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The alternating loading for all three engine options was then used to specify the crankpin 
diameter and material. The crankpin extends out from the connecting rod on either side, shown 
in Figure 6. Because the force is applied upon the pin cantilevering out each side of the 
connecting rod, the system may be modeled as 2 identical cantilevered beams. The forces applied 
to each of these are equal to half those applied to the piston. 
 
Figure 6: Free Body Diagram of Connecting Rod, Piston and Crankpin. 
 In order to specify the length of the cantilevered beam the bearing width first must be 
found. A number of bearing designs were considered, including needle, simple spherical, 
spherical roller, and cylindrical bearings. In order to minimize the weight of the cam and 
therefore its thickness, the bearing thickness had to be minimized while still maintaining the 
required dynamic load capacity.  Spherical roller bearings were finally selected because of their 
ability to withstand the required dynamic radial loads and deal with misalignment while still 
minimizing bearing width. The selected spherical roller bearing is shown in Figure 7. 
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Figure 7: Selected Spherical Roller Bearing (McMaster-Carr 2011). 
 The smallest spherical roller bearings able to withstand the loadings of the diesel engine 
have a width of 23mm (about .9”). Their bore diameters are sized in increments of 5mm, 
requiring the crankpin to be sized to match one of them. 
 
 With the width of the bearing selected, the length of the cantilevered beam was then 
found by adding the thickness of the linear slider to the .1375” clearance between the bearing 
and the slider and to the width of the bearing. The alternating force is applied in the middle of the 
bearing, as can be assumed for a spherical roller bearing. A free body diagram of the crankpin 
cantilevered beam in bending is shown in Figure 8 
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Figure 8: Free Body Diagram of Crankpin in Bending. 
The final pin design was a 45mm (1.77”) pin made out of 4340 steel quenched and 
tempered at 800 degrees Fahrenheit. For this material, Sut = 213 ksi and Sy = 19 8ksi. The first 
iteration used 301 cold-rolled stainless steel, which is about as strong in fatigue as the 4340 steel 
but is more expensive. The bending calculations, shown in Appendix 3, were iterated several 
times until an acceptable crankpin size was found that had a fatigue safety factor of at least 2 for 
infinite life. The Case 3 Goodman diagram analysis was used to find the safety factor, assuming 
the alternating and mean stresses vary proportionally. The shaft deflection was calculated using 
the formula for deflection in a cantilevered beam, and was found to be less than one thousandth 
of an inch and therefore negligible. 
 
A spherical roller bearing with a 45 mm (1.77”) inside diameter was selected to match the 
pin diameter. The bearing is specified to operate at up to 5300rpm and is rated for 21,244lb of 
dynamic radial loading.  As the engine is designed to operate at 3600 piston rpm and has a 
dynamic loading of 9052lb per bearing for the diesel, the bearing is safe to use. The bearing has 
an 85mm (3.35”) outer diameter and a thickness of 23mm (.91”).  
 
For comparison, the crankpin sizing calculations were repeated for all three engine 
options, resulting in different minimum crankpin diameters for the different designs. The results 
of this comparison are shown in Table 2. It can be seen that designing for the diesel power-plant 
does not significantly increase the package size of the crankpin-bearing assembly. 
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Table 2: Engine Configuration and Crankpin/Bearing Size. 
 Engine Option 
 Army BMW Diesel 
Crankpin OD/ Bearing ID 35mm (1.38”) 45mm (1.77”) 45mm (1.77”) 
Bearing OD 72mm (2.83”) 85mm (3.35”) 85mm (3.35”) 
Crankpin Fatigue 
Safety Factor 
2.5 2.6 2.1 
 
Next, internal failure life calculations were computed for the bearings to determine the 
required maintenance schedule for the engine. Table 3 shows the hours until the bearings fail for 
the different engine configurations. The full calculations are shown in Appendix 4. The third row 
of the table shows the L10 life, or time until 10% of the bearings fail. The team recommends that 
the follower bearings be replaced before 5% of them fail (see second row of the table). This 
requires the engine to be rebuilt after every 200 hours for the diesel configuration.  
 
Table 3: Roller Bearing  Internal Failure. 
            
Roller Bearing Life in Hours to Internal Failure 
  Engine   
    Army BMW Diesel   
Percent of Bearings 
Failed 
1% 315 119 69   
5% 929 351 202   
10% 1498 566 326   
  50% 7490 2829 1632   
            
 
The next step in design process was to specify the roller follower and cam-track to 
withstand the surface stresses induced by the operation of the engine in the diesel configuration. 
The outer races of the bearings are assumed to be made of tool steel with a Rockwell hardness of 
60-62. The material for the cam-track that the bearings ride in was selected using R.A. 
Morrison’s load/life curves for cam materials in Machine Design (Norton 2010). Of the materials 
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that Morrison tested in surface fatigue, the induction-hardened 4340 steel was the strongest. For 
this reason it was selected as the cam-track material. Because the Rockwell hardness of 4340 
induction-hardened steel is between 50 and 58, it is assumed that the cam-track will wear out 
before the harder bearing outer races do. 
The contact patch areas, contact stresses, and fatigue lives for all nine configurations of 
engine and follower were analyzed following the guidelines laid out in Machine Design. The 
calculations are shown in Appendix 5. The three follower types each have their own advantages 
and disadvantages. Figure 9 shows four roller types and their effects on surface stress. A 
cylindrical roller maximizes contact area but introduces stress concentrations on the cam-track 
surface. The geometric stress concentration for a straight cylindrical roller is approximately 2.0. 
The fatigue stress concentration factor using for 0-in notch radius and 4340 steel was 1.64. This 
increase in stress severely impacted the fatigue life, reducing it for the diesel from 200 billion to 
200 thousand loading cycles. For this reason cylindrical rollers are not practical for this 
application. 
 
Figure 9: Effects of Roller Type on Surface Stress (Norton 2010). 
A crowned roller has no stress concentrations but has higher nominal stresses due to a 
smaller contact area. A partially crowned roller has smaller stress concentrations than a 
cylindrical roller but also has a smaller contact area. As neither cylindrical nor crowned rollers 
were able to hold up to the diesel engine’s loading, the partial crown option was not even 
considered.  
 
To maintain a large contact area and not have stress concentrations, a logarithmically 
curved roller was selected. The roller maintains line contact for the central section of the roller 
and curves up at the edges following a logarithmic function, which eliminates the stress 
concentrations usually present at the corners of the roller. 
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Using the methods outlined by the research of S. Kamamoto, a logarithmic profile was 
selected for each of the three engine configurations (Kamamoto et al 2001). Our final designs 
maintained over 80% line contact under load while eliminating the stress concentration 
associated with cylindrical rollers. The parameters affecting the profile are the width of the roller 
and the maximum loading force applied. Because the applied force is different for each engine 
configuration, each configuration has a different optimum profile. As a result, three profiles were 
designed using Kamamoto’s equations. The Calculations are shown in Appendix 6. The profile 
for the diesel engine roller follower is shown below in Figure 10. Because the crown drop, or 
distance the follower surface recedes from its outermost point, is extremely small (about half a 
thousandth of an inch), very precise machining processes will have to be used in the manufacture 
of the roller followers and the camtrack surface.  
 
 
Figure 10: Profile of the Diesel Engine Logarithmic Roller. 
 
The logarithmic roller design uses a machined, hardened 4340 steel ring press-fit around 
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reduce hoop stresses from the press-fitting process. The diesel configuration press-fit ring is 
shown in Figure 11. 
 
Figure 11: Diesel Engine Logarithmic Roller Follower. 
 
The effects of different roller types on cam-track cycle life for the different engine 
options is shown in Table 4. The cycle life in number of repeated loadings was converted to 
hours of operation running at 3600 piston rpm, or 900 cam rpm, or in the case of the BMW, 4800 
piston and 1200 cam rpm. As can be seen in the table, only the logarithmic roller is an acceptable 
option for the Diesel and BMW engine configurations.  
Table 4: Approximate Cam-track Cycle Life for Different Roller Follower Systems 
 in Hours Running at operation rpm. 
Roller Type: Engine Configuration: 
Diesel BMW Army 
Cylindrical .926 153 60,200 
Crowned              
(24 inch radius) 
3.61 144 6,480 
Logarithmic 117,700 16.17 Million 11.27 Billion 
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Cam Design 
 
Upon receiving a finalized value of 85 mm or about 3.35 in for the outer diameter of the 
roller bearings given diesel forces, the design of the cam could begin. The cam track needs to be 
3.85 in due to the 0.25 in thick sleeves surrounding the bearings. Like the bearings, the cam has 
been sized against diesel forces despite being designed to run with the army engine 
configuration. Analyses have been done on all three configurations under diesel loads, however, 
differences in safety factors and displacement are quite negligible, and therefore the focus has 
been on the army-sized cam. The new assembly called for a cam with four “lobes” in order to 
have two complete cycles of a four-stroke engine in a single rotation of the cam. The program 
“Dynacam” was used to aid in this design. An outer cam, controlling the valve timing, will also 
later be included to this design, but within this description, it has been approximated to be a 
circle. 
Because the roller needs a simple, consistent, and symmetrical movement, the obvious 
choice was to design the cam path using pure sinusoids with a range of 3 in to match the stroke. 
Four sets of full rise and fall sinusoids were used to create the necessary lobes. After inputting 
this data, the next task was to simply adjust the prime circle radius so that the pressure angle was 
less than or equal to the maximum allowable value of 30 degrees. The Figure 12 details some of 
the more relevant results; the prime radius was increased in increments of 0.25 in while obtaining 
pressure angle data.  
 
Figure 12: Prime Radius Decision. 
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A radius of 9 in was chosen in order to minimize size and thus weight while still meeting 
the pressure angle specifications. The finalized profile can be seen in Figure 13. 
 
Figure 13: Cam Profile. 
 
 Using that value, inner and outer cam path profiles were created and sent to 
“Solidworks”  in order to create the actual cam model that could be used with the rest of the 
assembly. To get some initial weight and size estimates, an appropriate outer diameter and 
thickness was chosen to fit the cam path. An outer diameter of 30 in (prior to adding the outer 
valve train cam) and thickness of 1.25 in seemed reasonable given that the roller depth was 
23mm or about 0.9in. A central hole and 6 surrounding bolt-holes were also included to leave 
space for the gearing as well as providing a way to secure the cam to the rest of the assembly; the 
bolt-holes were sized to the original dimensions for this initial estimate, while the central hole 
diameter was doubled to leave room for the anticipated increase of the shaft size. The basic cam 
can be seen below; it weighs roughly 166 lbs, given the assumption the same A36 steel will be 
used to create this improved cam as the original in the current prototype. The small circular 
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notch seen in the Figure 14(left of the central hole) is for placement during assembly, and does 
not affect the overall design. 
 
Figure 14: Basic Cam Design. 
The next step was to try and lighten it. This began with removing material in areas not 
under high stress. Areas that will be under the most stress are of course the area surrounding the 
inner cam path, the bolt holes, and the outer cam surface. Once again a size assumption needed 
to be made, thus any area more than 0.5 inches away from one of these stress zones was removed 
leaving the hollowed out 89 lb cam shown in Figure 15.  
 
Figure 15: Cam with Additional Cut-Outs. 
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This weight was far more reasonable, but it’s still quite a bit more than ideal given that 
power to weight ratios in helicopters is one of the main driving forces. Due to the fact that only 
the surfaces with direct surface contact need the hardness steel provides, it was chosen to use a 
fairly strong and light material as a carrier vessel for steel inserts that will take the bulk of the 
forces exerted from the rollers acting on the cams. Aluminum seemed the obvious choice as it 
meets all of the criteria for a material, while remaining inexpensive and easy to machine. The 
steel inserts, aluminum base, and full assembly views are shown on the next page. The total 
weight of this new cam is roughly 43 lbs assuming the steel inserts are only 0.125 in thick. 
During these initial stages, the larger insert was designed to be bolted on by four large bolts, 
(seen in the Figure 16) but later changed to a more complex method that will now be discussed in 
detail.          
 
Figure 16- External Cam Ring (Left) and Internal Cam Surface Insert (Right). 
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Figure 17: Full Cam Assembly. 
 
Although, the combination of steel and aluminum provides a significantly lower weight 
the contact of the two may produce galvanic corrosion. To solve this problem, a brazing weld 
method was first suggested. By putting a filler material between the two dissimilar metals, 
corrosion can be avoided. This not only applies for the insert steel but also for the outer steel 
ring. The brazing method however proved to be too complicated and required advanced 
equipment in order to get acceptable bond strength. 
After careful consideration, the team decided finally decided to use epoxy to bond the 
two dissimilar metals. Epoxy is a copolymer that contains two different chemicals which acts 
like an adhesive when mixed. Epoxies are considered structural adhesives and are known for 
their high bond strength. It will primarily function to distribute stress evenly between the two 
dissimilar metals. Our design will also employ a traditional bolt pattern to ensure alignment and 
increase the connection strength of the composite cam. Additionally, the bolt pattern will be used 
to fixture the cam components as the epoxy sets. Because the primary function of the bolt pattern 
now is to maintain alignment, having the bolts spaced so far apart would still not be ideal due to 
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excessive bending that could take place between them. Instead, a bolt pattern of 16 size 10 
countersunk screws was applied to the model along the cam path that the center of the roller will 
follow. They need to be countersunk, as the roller will roll above this surface with only 0.1 in 
clearance between the two. Size 10 was chosen simply for the fact that it’s the largest bolt that 
has a head length short enough to not extend completely through the steel when countersunk. 
The nut clamping the bolt down will be free standing as there isn’t enough material to drill out a 
hole for it on the reverse side, and the engine block height can easily be increases to give proper 
clearance while adding little weight. The result is shown in Figure 18. 
 
 
              Figure 18: Cam with New Bolt Pattern. 
The outer track’s attachment method also needed to be reassessed. If it were to only be 
epoxied, it could shear and spin freely independent of the cam base, causing the valves to never 
open or close, while the rest of the engine is still in operation. This is major problem, and to 
address it, we took a similar approach to that of the insert. Bolting them together along with the 
epoxy seemed the obvious choice, but some alterations needed to take place in order to do so as 
the cam track of course can’t be altered, and the thickness of only 1/8 in doesn’t provide a 
generous amount of material to drill into. For starters, the outer ring was increased to ¼ in, more 
for ease of machinability than to simply solve this problem. Next, four semi-circular protrusions 
were added to the inside of the ring, both to help solve the problem of the ring being able to spin 
independently, and primarily as a means of having enough material to drill a bolt hole into, while 
adding as little weight as possible. The inverse of this protrusion is cut from the base, and 3 
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counter-bored holes drilled, two in the aluminum, and one in the steel. A plate with circular 
contours is placed on the other side to secure the two components together. Once again they will 
be clamped in with nuts, but against the new plate. These alterations can be seen Figure 19.              
 
Figure 19 - Bolt Attachment for Outer Cam (Left) and Plate Used to Secure Outer Cam. 
The next step was to challenge the many assumptions made in order to create this model. 
This began by preforming an FEA analysis on the model using Solidworks to test the 
appropriateness of the raised material’s thickness. In order to do this, however, once again, an 
approximation was needed; a cam approximation was created using constant radius cam profiles, 
because the complex geometry of the cam path was not allowing the analysis to take place at an 
appropriate node distance. The six central bolt-holes were set as fixed geometry while the 
bearing force was approximated to be an evenly distributed line contact force of 9052 lbs with a 
width of 0.07 in was on opposing sides of the internal cam surface; those numbers were of course 
drawn from earlier calculations in the bearing design.  In this analysis, the aluminum’s width was 
held as a constant at the initial assumption while changing the steel’s width, then repeated, but 
holding steel constant and adjusting the aluminum. Given that steel has a yield strength of about 
470 Mpa or, 68.17ksi, the aim was to achieve an appropriate thickness combination that would 
give us a von mises stress around or below 300 Mpa or, 43.51ksi, in order to have a minimum 
safety factor of around 1.5, while still minimizing weight and size. An example of the FEA 
analysis can be seen in Figure 20 as well as a plot of the data collected using the method above; 
total cam weight is superimposed over the appropriate data points.  
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Figure 20: FEA of Test Cam. 
 
 
Figure 21: Evaluation of Cam Material Widths. 
 
To fully optimize this configuration the placement of the thin aluminum “floor” of the 
cut-outs came into question. Initially, it was designed to be flush with the bottom of the cam just 
to be consistent with the height of the cam path, but to better distribute stress and minimize 
displacement at the outer cam track, its placement needed to be optimized. A test model was 
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configured, with identical height and width dimensions, as well as material used, but the track 
has been approximated to an elongated beam seen in Figure 22. The edge of the cantilevered 
beam was held fixed, while the same line contact force was applied.  
 
Figure 22: Bean Height Analysis Test; Floor Configuration. 
A finite element analysis (FEA) was done on the beam to determine proper placement. It 
was placed at four critical locations: flush with the bottom of the cam (centered at 0.17 in from 
the bottom); flush with the top (1.08 in from the bottom); the exact center (0.625 in); and exactly 
opposing the center of the bearing force (0.795 in). The stress amount will vary from this model 
and the actual model, however, the percentage difference between the values should be a valid 
approximation. The results of the study are show in Table 5; all percent changes are gauged 
against the “floor” model that was initially designed. 
Table 5: Beam Height Analysis. 
 
 
Floor (0.17 in) 
 
Roof (0.795 in) 
 
Center (0.625 in) 
 
Opposing force (0.795 in) 
Approximate percent 
difference from floor 
model 
0% +6% -11% -10% 
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With the cantilevered beam at the exact center, the stresses are minimized, thus this 
design was chosen. A cut-away of the cam is shown in Figure 23.  
 
Figure 23: Cam Cross-Sectional View. 
 The final step in the design was to create the outer cam-track. Once again Dynacam was 
used to aid in the design, however unlike the inner cam-track, it is not under high loads, and the 
anticipated pressure angle is extremely small, so the design is almost entirely within the scope of 
creating proper valve lift at appropriate angles. Based on the data received during the design, the 
intake needed to rise and fall symmetrically over 69 degrees starting at 15 degrees, but with an 
additional offset of 18 degrees. Additionally, the top of the rise should dwell for three degrees. 
This needed to occur twice, 180 degrees opposed, as the engine operates with 2 opposed 
cylinders engaged in power stroke at all times. Given all of that, the ideal function to model this 
would be a spline, due to its versatility in creating complex motions free of undesired velocities 
and accelerations by adding additional knots.  
 As stated previously, the pressure angle is not the driving force in this design as it was in 
the internal cam’s design. The prime radius is already set at 15.375 in; the cam’s radius is 15 and 
the roller radius is 0.375 in. The roller is a purchased part that the sponsor of this project already 
has available, and due to low loading conditions, the roller didn’t need to be redesigned for the 
purposes of this design. Instead the design aspect primarily took place within the design of the 
spline function. The function for valve lift contains three components: rise, fall, and dwell. To 
preform them separately may seem appropriate, but if a rise and fall are separate segments in the 
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function the acceleration would have an unnecessary return to zero where the two meet. For this 
reason the function’s design started with only 4 segments, 2 B-spline motions and dwells 
between them. The SVAJ diagram of the function is shown below in Figure 24. The B-splines 
have internal constraints creating the appropriate motion discussed. They reach the peak value of 
0.25 in at 33 local degrees, and remain there until 36 local degrees 
 
Figure 24: SVAJ for Outer Cam Track. 
 To make the function continuous through acceleration, the boundary conditions were all 
set to be zero for displacement, velocity, and acceleration. The result is below, in Figure 25, a 
working, but non-idealized valve rise motion. As you can see acceleration and jerk are 
continuous, but not as smooth as what would be desired. The figure shows the function using the 
minimum amount of knots, four. If this number was instead increased to the maximum value, 
eight, set by the number of boundary conditions, the graphs would be far more idealized. Figure 
26 is an example of using eight knots; you’ll notice the velocity and acceleration have decreased 
slightly, and the jerk has increased slightly, but still remains well within an acceptable limit.  
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Figure 25: B-Spline with 4 Knots, and Zeroed Velocity and Acceleration. 
 
 
Figure 26: B-spline with 8 Knots, and Zeroed Velocity and Acceleration. 
 This function is far more acceptable, but to truly optimize it, the overall shape needs to be 
altered; the ideal valve cam opens the valve instantaneously, holds it open for the full duration 
needed, and closes it instantaneously. Although impossible, one way to approach this is to 
simply add 4 knots; the dwell at the top of the rise can be zeroed along its boundaries for velocity 
and acceleration as well. This will force the function to reach the peak faster and to reach there 
with zero velocity and acceleration. The acceleration will of course rise during this faster rise and 
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fall, but as you can see from Figure 27, it’s still within an acceptable range. That uses 8 knots as 
before; Figure 28 demonstrates how increasing to 12 knots improves all levels of derivation.  
 
Figure 27: B-spline with 8 Knots, and Zeroed Velocity and Acceleration at All Locations. 
 
Figure 28: B-spline with 12 Knots, and Zeroed Velocity and Acceleration at All Locations. 
 This function was chosen to be used in the finalized design for the intake. The exhaust 
valve cam needed an identical motion; the only requirement given was that the intake and 
exhaust cams should both be at the same rise of roughly 1/16 in at the same angle. Although the 
rise is identical, the intake should have that rise value during its fall, and the exhaust should have 
that value during its rise. This can be seen below in Figure 29. The orange line is the intake cams 
profile, the gunmetal colored section is the full exhaust cam ring with appropriate profile, and the 
light blue line represents the zeroed value with no rise. As you can see, they cross while both are 
at a rise of 1/16 in. To accomplish this, the degree measures were found, using Dynacam, where 
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the rise is that value. They occur 60 degree apart, thus when this profile was added to the exhaust 
cam, it was first rotated counter-clockwise 60 degrees. 
 
Figure 29: Intake and Exhaust Cams Intersection. 
 Upon further review of this design, which was based upon the original model, it was 
determined that due to their counter-rotational motion and use of eight piston assemblies, every 
other cylinder in the firing order would have both its intake and exhaust open at the same time. 
This is clearly a problem, so to solve it; both the intake and exhaust cam profiles were placed on 
the intake cam. Each cam path is now half the width of the full cam, and can be seen in figure 30. 
The valve train assembly mating to this cam-track was changed to reflect this redesign, and will 
be discussed later.  
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Figure 30: Dual Cam Path. 
 The finalized intake cam can be seen below. The exhaust cam, seen in right of Figure 31, 
is nearly identical, aside from now lacking an outer cam ring. As you can see in Figure 31, the 
central hole, and corresponding bolt circle have been altered from the initial assumptions. The 
reasoning behind this will be discussed in the hub design section. The central raised section has 
an internal and external diameter of 7, and 9 inches respectively, and the bolt circle consists of 
eight 5/8 in bolts.  
                 
Figure 31: Finalized Intake Cam Design (Left) and Finalized Exhaust (Right). 
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Connecting Rod (Conrod) 
 
The connecting rod is one of the next components to be re-analyzed for the diesel engine 
configuration. The current conrod that is present in the army engine is not suitable to handle the 
tremendous diesel force which leads the team to redesign an entirely new conrod through 
SolidWorks.  
To model the conrod, a blend or loft feature was used. The loft allows the user to create a 
shape between two existing profiles such as guide curves which can help direct the slender shape 
of the conrod as shown in Figure 32and Figure 33.  This configuration will not only decrease 
stress but also help decrease weight tremendously.  
 
 
Figure 32: 2D Sketch of Conrod. 
 
 
 
Figure 33: Isometric View of Conrod. 
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As shown in Figure 24, the guides are planes which are used to curve the mid-section of the 
conrod sketch. Once the model is completed, a static stress analysis is done on SolidWorks by 
using the “simulation” function.  The set-up of the stress analysis is shown in Figure 34 
 
 
 
Figure 34: Isometric View of Conrod with Analysis. 
 
The static analysis is done in assembly mode where a crankpin component is attached to 
the end of the conrod and fixed on the other end. At each end of the crankpin, there is a force 
applied normal to the plane. The forces used in the study are the alternate and mean dynamic 
force that was found in the Program Engine simulation. By inputting these forces into the 
simulation, the mean and alternating stresses can be found and the fatigue safety factor can be 
determined. The results of the simulation are shown in Figure 35 and Figure 36. 
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Figure 35: Mean Stress of Conrod. 
 
 
 
Figure 36: Alternating Stress of Conrod. 
The alternating and mean stresses are respectively 143.5 and 19.3 MPa. With these 
values, a fatigue safety factor of 2 was determined. Therefore this model is suitable for the diesel 
forces. The final weight of the model conrod is an estimated to be 5.26 lbs. 
Assembly Guide Plate 
 
The guide plate assembly of the diesel engine is where the bearings are supported when 
they roll along the inner cam track. The assembly consists of the bronze bearing, guide plate, and 
bearing rails. The original assembly that was modeled is shown in Figure 37. 
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Figure 37: Original Model of Assembly Guide. 
The team had to redesign the original model shown above because the bronze bearings 
were file-to-fit. In terms of mass production, file-to-fit is not an ideal method to go about fitting 
the bronze between the two bearings rails. The solution to this problem is to design a bridge 
which connects the bearings rail as shown in Figure 38. The bridge was designed with a rim 
thickness of .125in and attaches to the guide plated by bolts. It was also chamfered at the corner 
to make sure it didn’t interfere with the other bridges. The bronze bearings were designed 
narrower in a ratio of 1.5 lengths to 1 width. Designing the bronze bearings narrower will allow 
the bearings to slide safely against the bearing rails without binding.  
 
Figure 38: Redesigned Model of Assembly Guide. 
After remodeling the assembly guide, a static and fatigue analysis is done in SolidWorks to make 
sure the assembly guide can withstand the diesel forces. The results are shown in Figures Figure 
39 and Figure 40. 
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Figure 39: Static Safety Factor. 
 
 
Figure 40: Fatigue Safety Factor. 
The test shows that the guide-plate assembly is indeed capable of withstanding the diesel 
forces with a static safety factor of 4.2 and fatigue safety factor of 3.2. 
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ValveTrain Design 
 
 The valvetrain on the existing prototype was re-designed to accommodate the geometry 
changes for the next generation engine. As the next prototype will use the army cylinders, the 
current valvetrain was modified for the 8-cylinder army engine configuration. Figure 41 is a 
schematic of the next generation valvetrain. The spring applies a force, Fspring, on the rocker 
lever which is linked to the vertical pushrod with a half-ball joint. The pushrod is in turn linked 
to a pivot mounted to the engine block and another pushrod (called the camrod in this analysis) 
that is connected to the roller-follower with a half-ball joint. The new valvetrain is identical 
kinematically to the current version with the exception of the camrod being moved from an 18° 
to an 11.5° angle with respect to the Y axis in Figure 41, as a result of the increase in size of the 
engine block for the new engine and subsequent changes in geometry. 
 
Figure 41: Valvetrain Schematic. 
 
Brundige Mui Osswald 43 
 
After analyzing the geometry, the forces on the valvetrain were modeled mathematically. 
Using typical maximum and minimum spring forces, the alternating and mean forces on each of 
the valvetrain links were found. A fatigue analysis was then conducted on the valvetrain to 
determine if the ¼”-28 threads on the pushrods and ¼” pins will be sufficient for infinite life. 
Materials were then selected to give conservative Goodman Case 3 safety factors.  In this way 
the pushrod, camrod, and pivot link pins were designed. 1060 steel was selected as the material 
for the camrods and pushrods, and 1010 steel was selected for the pivot link pins. The results are 
shown in Table 6, as well as the pivot link design, which is discussed at a later point. The 
calculations involved in the valvetrain design are available in Appendix 7. 
Table 6: Results of Analytical Valvetrain Design. 
  Pushrod Camrod Pivot Link Pin Valve Links 
Material 1060 Steel 1060 Steel 1010 Steel 6061 T6 Aluminum 
Diameter 1/4"-28 1/4"-28 1/4" N/A 
Fmax (lbf) 259 264 264 N/A 
Fmin (lbf) 110 112 112 N/A 
Failure mode Thread Shear Thread Shear Shear Bending 
Safety Factor 
(Case 3) 3.16 3.09 12.11 N/A 
 
After the geometry and critical dimensions were found using the above methods, the 
design was fully detailed . While the new valvetrain behaves essentially the same as the old one 
from a 2-dimensional view, when the z-axis is introduced the similarity ends. It is necessary to 
have both the intake and exhaust campaths on the same powered cam, which has a split campath 
on its outer surface. Because of this the camrods for the intake and exhaust valvetrains are right 
next to each other, instead of on opposing sides of the block’s midplane. If the older valvetrain 
system was used in this configuration, the two pivot link rockers would intersect. To avoid this a 
“U-Link” was designed to transport the load from the outermost camrod to its corresponding 
pushrod. An additional auxiliary pivot link rocker is added to support the U-link, so it is simply 
supported instead of cantilevered. An alignment plate keeps the auxiliary pivot link rigid with the 
outermost pivot link rocker. Figure 42 shows the valvetrain as fitted to the engine.  
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To increase the ease of assembly, alloy steel shoulder bolts were used in the place of the 
pins wherever the geometry allowed. This will allow the valvetrain to be partially assembled and 
disassembled without removing it from the block and using an arbor press. Additionally, to 
increase the wear life of the valvetrain, bronze sleeves were utilized where there was previously 
aluminum rubbing on the steel pins at the joints. The sleeves are specified as SAE 660 Bearing 
Bronze. 
 
Figure 42: New Valvetrain Design. 
The next critical design improvement was to create a simple and effective way to keep 
the valvetrain rollers aligned with the cam surface. If the rollers changed their orientation as they 
operated, they could bind and produce extremely high stresses on the valvetrain, cam and engine 
block. To keep the rollers aligned a flat section will be ground or machined into follower’s 
cylinder, which will be tangent to a press-fit pin keeping it aligned, as shown in Figure 43. As 
the follower moves up and down the pin will maintain tangency and ensure alignment. The 
figure shows the follower in its uppermost position. The follower will ride in a bronze sleeve, as 
in the current design, but will not have the “tongue” protruding from the sleeve that the current 
engine uses for alignment.  
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Figure 43: Valvetrain and Follower Alignment Method. 
 
Engine Block Design 
 
 The engine block stayed very much the same as the original design aside from 
dimensioning and a few minor alterations. The block is in the shape of an octagon on the exterior 
to provide 8 flat sections for the 8 piston assemblies to sit against; the inside consists of a circular 
section with an intermediate step that provides a ridge for the guide plates to be bolted to. The 
inner diameter (above and below the ridge) was increased to 30.52 in to allow room for the new, 
larger cam, which has a maximum diameter of 30.50 in. Each flat has a hole centered on it for 
the piston to move through. As discussed in the valve train design, the flats will also each contain 
two holes for the follower arms to move through, and four holes securing the anchor piece to the 
block. The flats also house the smaller flats that the pusher shafts protrude from, as discussed in 
the shaft design. Additionally, the top of the block has three holes associated with each flat that 
extend through the full block. One is to assure proper alignment for the follower arm, and the 
other two are to secure the top and bottom plates to the rest of the block. It can be seen below in 
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Figure 44. The block will continue to be created from cast aluminum, as in the original design, to 
save weight. 
 
Figure 44: Engine Block. 
 The top and bottom plates are where all the major changes occurred. Because the hubs 
extend through the plates and need both bearings and a way to be secured in place, the plates 
gained a short tube feature at their center to provide a surface the bearings, between the block 
and shafts, can be press fit into without increasing the height of the full plate. In an effort to 
increase rigidity, eight “spokes” were added, extending from the central tube to the eight corners 
of the octagon. Previously, the plates were secured to the rest of the block through a single screw 
in each corner, but with the addition of these spokes, the better option was to put screws on either 
side of the spokes in each corner; they will be counter-bored to maintain a flush surface, for ease 
of mounting the block into the helicopter. Lastly, a small step was included inside of the tube 
that allows the bearing to sit atop it. The only difference between the top and bottom plates is the 
height of the tube, and thus the highest point on the ridges as well. The top plate’s hub has a 
height of 1.971 in while the bottom hub has a height of 0.795 in. The completed bottom plate is 
below in Figure 45. Unlike the main block, due to the added complexity of the plates, they are 
designed to be machined rather than cast, but still made from 6061 aluminum.  
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Figure 45: Bottom Plate. 
 You’ll notice in the image i that the central tube has eight ¼ 20 tapped holes in a circular 
pattern. The bearing sitting on the step needs to be clamped from the other side to hold 
everything in place, thus a simple retaining plate was created to do so. It can be seen below in 
Figure 46; it matches the contours of the tube, except that the inner diameter is smaller, 6.5 in, in 
order to cover the bearing. It was designed to be made from 6061 aluminum, as it’s not under 
any high stresses.  
 
Figure 46: Retaining Plate. 
 The top plate received the same retaining plate. The bottom needed one final component 
added for purposes of the prototype, but irrelevant to the design if it was put into operation. The 
central bolt inside of the inner shaft needs to be attached to the frame of the helicopter, but the 
prototype won’t have a mounting surface, so a simple retaining bolt plate was designed. It has 
the same bolt pattern as the retaining plate and plate, thus a single screw can be used to attach the 
3 together at all eight locations. A central tapped hole was added as a means of securing the 1 in 
diameter center bolt. It can be seen below in Figure 47; it will be made from A36 steel, because 
weight is of no concern for a part that will only be used on the prototype, and threading 
aluminum is never ideal.  
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Figure 47: Retaining Bolt Plate. 
Gearbox Design  
 
The next step in optimizing the engine was designing a central gearbox that can handle 
the stresses of driving the pusher prop with at least 50 hp. The current engine uses bevel gears to 
power the pusher shaft with both drivecams. Two of the bevel gears are keyed to the coaxial 
output shafts of the engine and mesh with the third (pinion) bevel gear from above and below.  
To provide upwards of 50 horsepower to the pusher shaft, the gearbox will have to be 
substantially upgraded. The first step toward this goal is selecting gears that can safely handle the 
required torque and rpm. Following the guidelines of Machine Design, a mathematical model 
was created to aid in gear selection (Norton 2010). The calculations are available in Appendix 8 
Using this model and considering packaging constraints, it was determined that the best solution 
would be a spiral bevel gearset with a base gear with between a 4 and 8 inch pitch diameter. An 
alloy steel spiral bevel gearset was selected, which can output 75 horsepower at 1800 rpm for 1 
million hours with a safety factor of 1.6. The gearset selected, the Quality Transmission 
Components MBS G4, is shown in Figure 48. The gearset has a gear pitch diameter of 160 mm 
(6.3 in) and a pinion pitch diameter of 80 mm (3.15 in), and therefore has a 2:1 ratio. In the 
team’s implementation, two gears and one pinion will be used.  
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Figure 48: The QTC MBS-G Series Gearset (MBSG Ground Spiral Gears 2011). 
 
 To properly enclose the rack and pinion, a gearbox housing was designed. The gearbox 
housing encloses the gears in an oil bath and its height is be dictated by the distance between the 
top and bottom guide plates. The gearbox inner diameter is determined by the hub’s flange outer 
diameter. The outer diameter had to be wide enough to put screws in and could not be greater 
than the distance between to oppose the bearings shoes. Figure 49 shows the gearbox housing 
sandwiched between the two guide-plates. 
 
Figure 49: Gearbox Housing with Guide Plates. 
 
 
 Between the gearbox housing and hub, there is a concern that oil may leak out of the 
housing. To prevent oil from escaping the housing, an oil sealer is required around the shaft to 
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seal the gap. Figure 50 shows a transparent view of the gearbox and hub. The sealer will 
essentially seal the small gab between the two parts. 
 
Figure 50: Gearbox and Hub. 
 Since the shaft is spinning, a rotary seal is recommended for the engine. Rotary seal 
components usually include a rigid outer component and inner lip. The seal can either be spring-
less or spring-loaded. Figure 51 below is a diagram of a typical rotary seal.  
 
Figure 51: Diagram of Rotary Seal. 
 For the current engine, it is suggested to use a specific type of rotary seal such as the 
Parker Oil Seal. The Parker Oil Seal is available in the common metal OD covered with a rubber 
OD. The Parker Oil seal is also spring-loaded. A spring-loaded seal provides extra radial force so 
it can help maintain contact between the lip and the shaft. The Park Oil Seal can typically operate 
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at 200 degrees Fahrenheit and 1600 revolutions per minute. The shaft and housing tolerances are 
shown in the Table 7 below provided from Parker Company. The shaft tolerance for the current 
outer shaft is ±0.005 inches. 
Table 7- Press Fit Tolerances. 
 
Propeller Shafts Design 
 
 The concentric propeller shafts did not have a size constraint, thus the aim was simply to 
find the minimum size allowable, while remaining undamaged or permanently deformed, 
allowing enough clearance between them to fit purchasable bearings, and having a small enough 
outer diameter to fit within the specified gear. The main load to take into consideration is the 
torque applied as the propellers spin; thus torsional stress was the main design consideration. To 
analyze this, a worst case scenario of the blades being held rigid while the engine is running was 
used.   
 Because the gears can be bored out after purchase, the bearings were the main factor in 
driving the design. The bolt extending through the middle of the shafts, taking the weight of the 
helicopter in flight was estimated to be roughly 1 in, thus the first bearing needed to have an 
inner diameter of roughly one inch and be as small as possible. Needle bearings were first 
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considered for their small size, but then discarded for two reasons: none of the available needle 
bearings could withstand the thrust loads created by the bevel gears; and they would need an 
outer race to allow the bearing to fail prior to the shaft, which is ideal as it would be a much 
more inexpensive part to replace. Ball bearings were the next choice as they are more common, 
thus less expensive, can withstand large thrust loads, and are available in reasonably small 
widths. A ball bearing with an inner and outer race of 25.4 mm (0.984 in) and 44.45 mm (1.456 
in) respectively was the smallest found. 
 From there, the shaft design could begin. The torsional stress in the smaller hollow shaft 
was calculated using equations from “Machine Design” and can be found in Appendix 9. The 
shaft material used within the calculations is 4340 annealed steel. The Fatigue safety factor is 
1.5, while the inner and outer dimensions of the shaft are 1.46 in and 4.95 in respectively, thus 
2.65 in was used as a minimum diameter inner race for the next bearing. The most appropriate 
bearing found to suite these needs had an inner and outer race of 100 mm (3.937 in) and 125 mm 
(4.921 in) respectively. Once again, a fatigue calculation was done, and it was found that 3.97 in 
was the minimum size needed to obtain a safety factor of 1.5. For this reason, the final outer 
diameter was designed to be 5.90 in to maintain that minimum diameter while moving to the 
next standard size. The final assembly is seen below in Figure 52; the filled in area represents the 
bearings.  
 
Figure 52: Shaft Assembly; Dimensions in mm. 
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Spline Design 
 
 Splines were selected as the power transmission method between the cams and the 
coaxial output shafts. Multiple keys were originally specified, but then realized that 
manufacturing tolerances would jeopardize the alignment of the keys. If the keys are not 
perfectly aligned in their designated positions, then the keys will be in shear one at a time instead 
of together. As the safety factor was considerably less than the number of keys, this would 
almost certainly cause the system to fail. While multiple keys could be used for lighter loads 
with a very high safety factor, it was decided a more robust design was needed for this 
application. Splines were therefore considered as superior solution. 
The spline interfaces transmitting power from each hub to its coaxial output shaft were 
designed using the methods outlined in Machinery’s Handbook. The compressive, tensile, and 
shear stresses were modeled and the spline diameter and length were selected to achieve a robust 
design with a reasonable safety factor. Standard 30 degree pressure angle filleted involute profile 
splines were selected. Figure 53 shows a 30 degree involute spline profile. The profile below has 
a filleted root. The spline specified in the design is fully filleted at both major and minor 
diameters. 
 
Figure 53: Involute Spline Profile (Society of Manufacturing Engineers). 
 Because of its smaller radius, the inner shaft is subject to higher forces for the same 
torque, requiring a larger contact area. Due to misalignment, however, there is a maximum 
effective contact length for splines of a given diameter. As the inner shaft needed a larger contact 
area than its diameter allowed, a helical spline was selected, as helical splines have a much 
greater maximum effective contact length than straight splines of the same diameter. The 
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diameter could not be increased due to packaging constraints. However, even after this 
modification the inner spline only had a safety factor of 1.5 in Fatigue, as oppose to 2.5 for the 
straight outer shaft spline. The bursting (tensile) safety factor was 2.3 for the inner spline/hub 
interface and 4.0 for the outer spline/hub interface. Both splines had a bearing (compressive) 
safety factor greater than 70. Figure 54 and Figure 55 show both of the specified splines. Spline 
Calculations are shown in Appendix 10. 
 
Figure 54: Modified Inner Spline. 
 
Figure 55: Modified Outer Spline. 
One of the reasons the stress in the splines was so high was the large stress concentration 
at the spline teeth. Peterson Stress Concentrations was consulted to determine the tensile and 
shear stress concentration factors. Using tensile stress concentration charts for 14.5 and 20 
degree pressure angle gears, the stress concentration of a 30 degree pressure angle spline was 
extrapolated. Using this method we were able to estimate that a 30 degree pressure angle spline 
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would have a stress concentration factor of 2.7. This assumes that splines and gears have similar 
behavior during loading, a safe assumption. This stress concentration factor was used in the 
calculation of the bearing safety factors. Because the maximum tensile stress is at the rim of the 
circular hubs, this stress concentration factor does not apply.  The top hub, made of two pieces, 
have a bursting stress concentration factor of 1 while the bottom hub has a step at its base. This 
step would create a stress concentration as the bursting stress would induce shear stress at the 
step. As a stepped shaft in torsion has similar shear stress concentration effects, it was chosen as 
an analogous model. Using this model, a stress concentration factor of 1.93 was found. This was 
then applied to the bursting stress to find the bursting safety factor of the bottom hub/spline 
interface. 
Peterson Stress Concentrations cited a photoelastic, study by Yoshitake, analyzing 
straight-toothed and involute splines. For fully filleted involute splines, such as the splines 
specified for the coaxial shafts, Yoshitake determined that the stress concentration was 2.8. This 
was used in the calculation of the Fatigue safety factor for the inner and outer splines. 
Bearing Placement for Output Shafts 
 
 In order to maintain the orientation and axial position of the coaxial output shafts, ball 
bearings were placed in between the inner and outer shafts, in between the inner shaft and the 
central bolt, in between the outer shaft and the top frame plate, and in between the inner shaft 
and the bottom frame plate. Figure 56 below shows a cross sectional sketch of the Coaxial Shafts 
and Bearings. To maintain shaft alignment, 100mm intermediate ball bearings between in the 
inner and outer shafts.  1.75” Bearings accomplish the same purpose for the center bolt and inner 
shaft. 
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Figure 56: Conceptual Sketch or Cross Section of Coax Shafts and Bearings. 
Two 150mm bearings ground both shafts axially to the block’s top and bottom plates. 
The 150mm ball bearings were selected based on packaging constraints and axial load capacity. 
Tapered bearings have a much higher axial load capacity, but are prohibitively heavy and large. 
As ball bearings can take significant axial loads (up to 50% of their radial load rating), they were 
deemed more than sufficient for supporting the weight of the coaxial output shafts and rotor 
blades. The weight of the engine and helicopter airframe will be directed through the center bolt 
to the rotors at the rotor/output shaft interface. 
 Each bearing is axially constrained via its inner race by either a step of the shaft or a snap 
ring concentric to the shaft in contact with the bearing’s inner race. In this manner, the two 1.75” 
bearings are axially constrained to the center bolt, and the 100mm bearings are axially 
constrained to the inner shaft. The 150mm bearing between the outer shaft and the top frame 
plate is axially constrained to the outer shaft with two snap rings, while the 150mm bearing 
between the bottom hub and the bottom frame plate is constrained axially to the hub with a step 
and a snap ring. As the spline interface between the bottom hub and the center shaft does not 
constrain the two to each other axially, the inner shaft will have to be axially constrained to the 
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lower 1.75” bearing. A step of the inner shaft’s bore and an internal snap ring should accomplish 
the task amply. The 1.75” bearings are rated for thrust loads up to 3600lb. This would have to be 
incorporated as a task specification for the rotor design. However, if this loading is insufficient 
given the rotor and shaft weight and dynamics, a larger bearing of the same series (RBC bearings 
KP-B) could be used with minimal modification to the overall design. 
The 150mm ball bearings are constrained axially to the top and bottom frame plates. This 
is accomplished by means of retaining plates and a stepped bore in the frame plates. Figure 57 
show the 150mm axial constraint methods. 
 
Figure 57: Bottom Interface. 
An auxiliary output shaft, or pusher shaft, was implemented as part of the NorEaster 
engine design so that the engine could power a pusher prop, alternater, oil pump, or other 
auxiliary powered equipment. The pusher shaft was designed to be able to transmit up to 75 hp to 
an auxiliary prop. The final design has 4 such shafts, such that power is available to power 
auxiliary equipment. The sum of the power output of all 4 shafts must be less than or equal to 75 
hp, as the bolt pattern transferring torque from the hubs to the gears is only rated for the torque 
associated with 37.5 hp each, or 75 hp total. The final design of the pusher shaft is shown in 
Figure 58. 
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Figure 58: Pusher Prop Shaft. 
The principal design of the pusher shaft was done using the shaft design methods in 
Machine Design. A 5 lb vertical load (the estimated weight of an aluminum prop) and the mean 
torque associated with 75 hp at 1800 rpm (the speed of the pusher prop) were used in 
conjunction with the stress concentration at the keyway to calculate the maximum safe diameter 
for a given safety factor. Iteration was then utilized to find the safety factor for a given shaft size. 
For the selected 20mm shaft, the safety factor for a 4340 steel shaft Quenched and Tempered at 
800F is 2.05. 20mm is the largest nominal size of the shaft possible without modifying the pinion 
gear. As the selected shaft has a sufficient safety factor, this was not necessary.  
A 1.74” long 3/16” high-carbon steel key was selected to transmit the power from the 
pinion to the shaft. It has a safety factor of 2.0 against shear failure and 2.4 against bearing 
failure. The key has a hardness of 194 HB, which is very high for a key but it is still significantly 
less than the 430 HB 4340 steel and the 250 HB Pinion. If the pinion’s keyway receives the same 
surface treatment as the rest of the gear (which should be true if the keyway is cut by the 
manufacturer instead of in-house after the fact), then the keyway will have a hardness of 560 HB. 
The key will be axially fixed by means of a set screw through the pinion’s hub. As it is 
recommended that the maximum length of a keyway is 1.5 times the diameter to prevent twisting 
with shaft deflection, it would follow that the maximum key size would be 30mm, or about 1.2”. 
However, since the key is sandwiched between an extremely rigid alloy steel gear and 4340 
shaft, we do not believe this to be a serious issue. If it is found to be an issue there is room on the 
pinion’s hub to put 2 setscrews to support two sequential keys, at 1.1875” (the approximate 
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recommended max key length) and .5525”. It would not be possible to use two equal length keys 
as the set screw for the key furthest inboard would have to go through the pinion’s teeth. Figure 
59 shows the pinion’s keyway and tapped hole for a set screw. 
 
Figure 59: Pinion Gear with Set Screw and Keyway. 
The pusher shaft exits the engine at 15 degrees off of the perpendicular to the engine 
block’s face, so that it does not collide with the engine heads or valvetrain. The orientation of the 
pusher shaft is fixed by two bearings, one in the engine block and one in the central gearbox. A 
42mm tapered thrust bearing is seated in the block to absorb the thrust loads of the pusher prop, 
while a 37mm ball bearing sits in the gearbox wall to maintain the shaft’s alignment. The tapered 
bearing is axially constrained to the block with a counterbore and retaining plate situated on a 15 
degree angled cutout from the block. The ball bearing is not axially constrained to the gearbox to 
allow for thermal expansion of the shaft. A combination of snap rings and steps are used to 
constrain the pusher shaft’s bearings to the shaft. The shaft diameter was increased from 20mm 
to 7/8” in between the two bearings to provide a step to seat the bearings.  A snap ring on the 
other side of each bearing completes the axial constraint. Adding a step to the shaft creates a 
stress concentration, but as it is significantly less than the keyway stress concentration (1.7 
verses 2.05) it can be disregarded. Figure 60 and Figure 61 show the pusher shaft and bearing 
assembly. 
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Figure 60: Pusher Shaft Outside View. 
 
Figure 61: Pusher Shaft Bearing Assembly. 
NOTE: Stress Concentrations were approximated for each snap ring, and were disregarded as 
they were all <2.8, the Kts at the spline teeth.       
Thermal Expansion Analysis 
 
 A cursory analysis of the output shaft thermal expansion was conducted. Each of the 
shafts is axially constrained by a ball bearing at the block. The inner coaxial output shaft is 
axially constrained at the bottom of the block, while the outer shaft is axially constrained at the 
top of the block. The pusher shaft is axially constrained were it exits the block. Each of these 
shafts expands axially in a linear fashion as the engine increases in temperature. However, the 
engine block itself will also expand. For the coaxial shaft calculations, the engine block was 
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assumed to also expand linearly from the mid-plane of the block. For the pusher shaft 
calculations, the block was modeled as a hoop with a linearly expanding circumference. As 
aluminum expands at about double the rate as steel for a given change in temperature, the net 
distance change of the free end of each shaft was in the opposite direction of its expansion. This 
assumes that the engine block and coaxial shafts experience the same change in temperature. For 
a temperature change from -20° C to 105° C (-4°F to 221° F), the pusher shaft had a net 
contraction of .029 inches, the inner coaxial shaft had a net contraction of .0096 inches, and the 
outer coaxial shaft had a net contraction of .0092 inches. The contraction of these shafts will 
cause the space between the gears to increase, causing backlash between the gears. As the gears 
should never change direction in a helicopter application, this is not a major concern. However, 
if there is a need to address this issue, it is recommended the gear/shaft interface be designed to 
accept shims which could be used to make post-manufacture adjustments to the gear spacing. 
The thermal expansion calculations are shown in Appendix 11. 
Torsional Vibration 
 
 One other major design concern that requires analyzing is resonance. Since the shafts in 
the current engine are subjected to a time-varying load, there will be vibration and in this case, 
mostly torsional vibration. In order to avoid resonance, the forcing frequency must be kept below 
the first critical frequency by at a least a factor 3. This will keep the vibratory response lower 
than the amplitude and avoid resulting deflection that will cause stresses great enough to destroy 
the part. 
 For the OMC engine, it is assumed that vibrational is solely torsional and shaft whirl is 
ignored. In the engine, three shafts were checked for resonance; they are the outer, inner, and 
prop shaft.  In the calculations, it is assumed that the shafts are spinning only with the cam and 
hubs and the rest of the engine is ignored. The reasoning for this is to keep the calculation simple 
and it would also be very difficult to make a mathematical model of the entire engine to find the 
vibration response. The figures below are the models of the shaft that were used in the 
calculation. 
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Figure 62: Outer Shaft with Top Hub and Cam. 
 
 
Figure 63: Inner Shaft with Bottom Hub and Cam. 
 
Figure 64: Prop Shaft with Pinion Gear. 
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 From determining their torsional frequency and comparing to their critical torsional 
frequency, the safety factor of the outer shaft is 10 and both the inner and prop shaft is 4. These 
are acceptable margin from a mathematical approach. The procedure of these calculations can be 
found in Appendices 12. 
It should be noted that each propeller blades will have a natural frequency and have the 
potential to have resonance. Therefore the team recommends a further design analysis of the 
vibration of the blades and the entire engine to avoid unnecessary resonance. 
Hub Design 
 
The primary function of the hubs is a mass attachment point for several components in 
the engine. They connect the cams to the racks and main shafts. The main calculations driving 
the hub design have been discussed in the bolt preload and spline sections. For this piece of the 
design, the packaging constraints leading to their finalized shapes will now be discussed, starting 
with the bottom (or intake) hub.  
 The bottom hub was the simpler of the two. It resembles a short hollow tube, with a 
flange at the top. It attaches to the inner shaft through a helical spline; the design of which can be 
found in the spline section. That spine is located on the internal surface of the tube. Both hubs 
have been designed to bolt to the gears through a circular bolt pattern. This sounds simple 
enough, but presents several challenges. The top face of the rack is only 4.24 in in diameter 
between the teeth, while the designed spline, cut into the hub, is 3.913 in at its widest point. The 
section of the shaft without the spline is however only 3.75 in. The bolt heads need to fit between 
the gear teeth and straight part of the shaft; in other words they have roughly a 0.24 in wide ridge 
at maximum. The only bolt head small enough to meet that standard is a size 6. The calculations 
discussed previously showed that 7 screws would be adequate. This obscure number was chosen 
due to it being a factor of 14 and, the helical spline has 14 teeth. The reason that is an important 
factor is that due to the tight constraints, the bolt holes actually need to be in between the spline 
teeth in order to fit. Additionally, because the spline is helical, drilling through the exact center 
between two teeth would result in cutting through the teeth midway through the hole. For that 
reason they were offset to accommodate the angle of the spline. These features can be seen 
below. The black circle on the spline is reference, and shows the 3.75 in diameter of the shaft the 
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bolt head has to fit around. The rack is shown with a mating bolt circle; the holes have been 
counter-bored to assure a flat surface for the bolt heads to rest against. This is a very important 
factor, as the bolt heads can snap during preload otherwise, and if the part isn’t machined exactly 
to spec, the head may inadvertently rest on the gear teeth. As you can see from Figure 65, the 
counter-bore extends into the main bore, but the head will rest within the 3.75 in limit.  
 
Figure 65: Spline and Bolt Pattern on Bottom Hub. 
 
Figure 66: Altered rack with Counter-bored Bolt Circle. 
  The next step was designing the flange it serves two purposes. It houses the bolt circle that 
connects the cam to the hub, and it allows for proper height alignment of the cam within the 
assembly. The main tube extends through the central hole in the cam and is the proper length 
specified by the spline calculation, while the flange for the cam is thick enough to place the cam 
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where it needs to be; the thickness is also determined by the height of the gear-box. It needs to be 
large enough to sit slightly within the gear-box in order to place the seal between it and the gear-
box. The outer diameter was designed to be 10.25 in in order to mate with the gearbox housing. 
This number was determined by the minimal diameter of the top hub (to be discussed later) in 
order to fit the bolt circle. The height of the gear box is fixed due to the height of the guide-plate. 
The flange houses 12 5/8 in bolts. The flange is hollowed as well to allow space for the rack to 
be secured within in. Once again this was relevant to allow proper height alignment of the rack to 
mate perfectly with the pinion and upper rack. This can be seen below in Figure 67.  
 
Figure 67: Hub with Flange Attached. 
 The outer portion of the tube was the last section left to design. Its outer diameter of 6.42 
in was chosen to give a slight step between it and the bearing that sits between the hub and the 
shaft. The bearing sits 1.713 in below the flange, so the hub is stepped there to a 5.9 in diameter. 
The last thing that needed to be added is a 0.165 in wide groove 0.787 in below the step. This 
serves to hold the shaft collar that clamps the bearing into place. The completed bottom hub is 
below in Figure 68.  
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Figure 68: Finalized Bottom Hub. 
 The top hub is very similar to the bottom, but with a few key differences. The main 
difference is that it attaches to the larger shaft; this caused major alterations. The gear is attached 
in the same way using 7 size 6 screws, thus the central hole needed to remain smaller than the 
bolt circle. The inner shaft can fit within it, but the outer shaft is far too large; to solve this, the 
outer diameter of the tube and flange were increased to 8.125, and 10.25 in respectively, and an 
intermediary step was added after the end of the spline. It would look like what can be seen 
below in Figure 69. 
 
Figure 69: Top hub with Additional Step. 
 The problem with this is it’s impossible to machine through standard methods. A spline 
cutter can’t just stop abruptly like what is seen above. A simple solution is to simply split the top 
hub into two components and bolt them together so that the spline goes all the way through the 
top component, and the bottom is just a flat plat with bolt holes. The calculations relating to the 
size and amount of bolt holes has already been specified in the preload section, 23 bolts of size 
3/8 in. The two components, and there full assembly can be seen in Figure 70 and Figure 71. 
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Figure 70: Top Hub Base (Left) and Top Hub Spline (Right). 
 
 
Figure 71: Top Hub Assembly. 
Bolt Preload Analysis 
 
To transmit power from the cams to the output shafts, intermediate 4340 steel hubs were 
built that interface with the splined shafts and bolt directly to the cams. As the alignment the 
bolts in the bolt circle cannot be assumed to be exact, the bolts would not share the load equally 
if subjected to shear. This would almost certainly cause failure, with the bolts failing sequentially 
as they are loaded one at a time. To prevent this from happening, the bolts are preloaded such 
that the friction between the cam and hub is so great that they act as a rigid body, transmitting the 
full torque of from the cam to hub. A safety factor of 1.5 was applied to the preload to ensure 
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that the cam and hub do not move relative to each other and put the bolts into shear. The bolts 
were then specified for a safety factor of two against the preload. The design therefore has a 
safety factor of 1.5 against slipping and 2 against tensile bolt failure/thread shear. 
 The same method was used for specifying the bolts interfacing the gears to the hubs, as 
well as for connecting the two pieces of the top hub to each other. As the pusher shaft is designed 
to deliver 75 horsepower, each of the two gears delivering power to the piston has to be rated for 
37.5 horsepower. The interface between the two pieces of the top hub and between each hub and 
its corresponding cam take the full torque of the engine in powerstroke. Each of these interfaces 
was also designed with a slipping safety factor of 1.5 and a thread tearout safety factor of 2. All 
bolts specified should be rated to at least SAE grade 8 or equivalent. Each of the bolt preload 
calculations is shown in Appendix 13. The results of the bolt preload calculations are shown 
below in Table 8, along with the necessary torque applied to the bolt required to get the desire 
preload. The torque is given for both UNC and UNF bolts. 
Table 8: Bolt Preload and Required Torque. 
Application 
Preload 
(lb)  
Diameter 
(in) 
Applied Torque at 
Assembly - UNC (lb ft) 
Applied Torque at 
Assembly - UNF (lb ft) 
Top Hub Inner 
Bolt Circle (To 
Gear) 296 0.138 0.7 0.7 
Top Hub Outer 
Bolt Circle (To 
Cam) 4997 0.625 54.7 54.7 
Top Hub 
Connection Bolt 
Circle (Between 
Hub Sections) 2100 0.375 14.4 13.8 
Bottom Hub Inner 
Bolt Circle (To 
Gear) 296 0.138 0.7 0.7 
Bottom Hub Outer 
Bolt Circle (To 
Cam) 4619 0.625 50.5 50.5 
Guideplate Outer 
Bolt Circle (To 
Block) 1080 0.25 5.0 4.7 
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Results 
 
To be thorough with the weight comparisons, the cam design process outlined previously 
was repeated for the BMW and army engine configurations. The only difference for the BMW 
engine was a slight decrease in cam-track width due to the smaller required bearing size. Because 
the army engine’s stroke is 3 in, rather than 2.75 in, it was necessary to increase the prime circle 
radius to 9 in in order to maintain the 30 degree pressure angle. A slight decrease in cam-track 
width was also necessary, again, to fit the chosen bearing. The increase in prime radius also 
requires an outer diameter of 29 in rather than 27 in in order for the larger track to fit properly. 
This implies the total package size and weight was also increased to allow room for this 
configuration 
Engine Power to Weight Ratios 
 
The table below shows the estimated weights of different combinations of the engine. 
 
Table 9: Engine Weight and Horsepower Comparison. 
 Configuration 1 
(all parts 
included) 
Configuration 2 
(with only one 
prop shaft and 
retaining plate) 
Configuration 3 (without 
main shafts and retaining 
plate)  
Weight 
829 786.9 724.9 
Power to Weight 
Ratio (Army Engine 
- 10 hp per head) 
0.09 0.10 0.11 
Power to Weight 
Ratio (Diesel Engine 
-40 hp per head ) 
0.380 0.4066 0.441 
 
The piston assembly weight is assumed to be the same for all engines. The BMW and 
Diesel engine has a 2.7 inch stroke while the Army engine has a 3 inch stroke. 
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From the table, the BMW and Diesel have relatively the same weight but the BMW has 
the overall advantage in power-weight ratio. The Army engine is not only heavier but its poor 
power-weight ratio makes this engine unfavorable.  
Epoxy 
 
In order to prove epoxy is suitable for this application, a bond strength test is performed 
on the epoxy. To test the epoxy, a test rig is designed in which an aluminum plate is epoxied to a 
metal pin and is loaded by an arbor press. The epoxy that was tested was hysol E30CL and has a 
recommended tolerance of .001 in.  
By loading the test rig under an arbor press, the shear stress can be calculated by 
determining the amount of force it takes for the pin to fail.  Figure 38 is a diagram of the original 
test rig design. The finals results for test one is shown Figure 72below. Test one used an 
aluminum plate that had inaccurate tolerance but nevertheless, the test was positive and the shear 
strength were well above the manufacture rating. Test number four was significantly higher than 
the rest because it was bolt and the interference of the threads made the epoxy more difficult to 
shear. 
 
Figure 72: Epoxy Test One. 
 
Even though the results were positive, a second test performed with tighter tolerance was needed 
to see if the results were consistent. With the new aluminum plates, only three pins were tested 
and no bolt was used. In test two, the results were positive as shown in Figure 73 below.  
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Figure 73: Epoxy Test Two. 
 With the tighter tolerance, however, it seems as though epoxy could not fully cover the 
pins and the contact area around the pin were inconsistent throughout the test. Figure 74 below 
shows the contact area of the three pin once the experiment was finished. Pin one show that 
epoxy was fully covering the surface and thus the shear stress was the highest of all the pins. The 
other two pins had little or no contact area and the shear strength was low. The reason the contact 
area are inconsistent could be due to human error. The method that was used to cover the pins 
with epoxy may have incorrect and that is why the experiment gave such poor results.  
 
Figure 74: Picture of Pins after Test Two. 
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 Even though the second experiment results were inconsistent, it did show that tighter 
tolerance does indeed increase the shear strength.  When the test results are combined in a single 
graph, test five, with the accurate tolerance, has the highest shear strength compared to the rest of 
the regular pins. Therefore it is still recommended to use tighter tolerance but with a more 
correct procedure on applying the epoxy.  
 
Figure 75: The Results Combined. 
 
Conclusions  
 
 The final engine design weighs 829lb and is projected to produce 320 horsepower. The 
achieved power to weight ratio of roughly 1:2 is a competitive output for unmanned aerial 
vehicle applications. This power to weight ratio was achieved by designing nearly all dynamic 
components to have a safety factor of 2. Some components had a safety factor of 1.5, as limited 
by packaging constraints. If these safety factors were reduced in further designs, the power to 
weight ratio could be substantially improved.  Figure 76 and Figure 77 below shows the 
SolidWork models of the most current design.  
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Figure 76: Adjusted Engine Size for Diesel. 
 
Figure 77: Cut Away View of Overall Engine. 
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Recommendations 
 
These are some of the recommendations that the team suggests: 
 Making the hubs and possible the shaft out of titanium to save weight but an extensive 
reanalysis must be done for fatigue safety. 
 If possible, reduce the size of the gears by selecting a lower power output for the prop shaft 
but the configuration of the hub and shaft may need to be redesigned. 
 Test completed prototype for resonance and redesign if necessary for appropriate measures.  
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Problem
Given Load limits
Fmin: -319.72 lbf
Fmax: 3749.775 lbf
3
Sut: 213 ksi
Sy: 198 ksi
4
Diameter
d: 1.378 in
Note 1.
Note 2.
Distance to load
a: 1.09 in
Beam length
L: 1.54 in
5
Mean load
Fm: 466 lbf calcs
Alternating load
Fa: 3284 lbf =  (Fmax - Fm)
Reaction force
Rm: 466 lbf =Fm
Ra: 3284 lbf =Fa
Cantilever Bracket for Fluctuating Bending
Calculations for a 3.0" bore Gas Engine with a 1000 PSI explosion pressure
Material=4340 Q&T at 800F
We will assume the trial dimensions to be the same as those of the successful solution to 
the fully reversed case from Example 6-4.  These are
The mean and alternating components of the load and their reaction forces can be 
calculated from the given maximum and minimum load.
This valueof 'a' will leave some material around the hole and still fit within the 6-in-length 
constraint.
Rmax: 3750 lbf =Fmax
Reaction moment
Ma: 3581 lbf in = Ra * L - Fa * (L-a)
Mm: 508 lbf in = Rm * L - Fm * (L-a)
Mmax: 4088 lbf in = Rmax * L - Fmax * (L-a)
Moment of inertia
I: 0.177 in^4 = PI()/64*d^4 Note 3.
Outer fiber distance
c: 0.69 in = 0.5 * d Note 4.
Nominal alternating stress
σanom: 13.94 ksi = (Ma * cc) / momIn /1000
σmnom: 1.98 ksi = (Mm * cc) / momIn /1000
σmax: 15.91 ksi = (Mmax * cc) / momIn /1000
6
Kt: 2.000 Due to Fretting
7
Neuber constant
a: 0.0003 in = 0.018^2 Note 6.
q: 0.6400 By Table
Kf: 1.6400 = 1 + q * (Kt - 1)
if… then Kfm = Kf.
Kf * abs(σmax): 26.10 =Kf*ABS(SIGmax)
Since this is less than Sy = 60 ksi, 
Kfm: 1.6400 =Kf
8
σa: 22.86 ksi = Kf * SIGanom
σm: 3.24 ksi = Kfm * SIGmnom
Use these factors to find the local mean and alternating notch stresses.
From these, the mean and alternating moments, and the maximum moment acting at the 
root of the cantilever beam can be calculated.
The area moment of inertia and the distance to the outer fiber are:
The nominal bending stresses at the root are found for both the alternating load and the 
mean load.
Calculate the stress concentration factor for this geometry using Figure 4-36.  The r/d and 
D/d ratios are
yf SK  max
σxa: 22.860 ksi = SIGa
σya: 0.00 ksi =0
τxya: 0.00 ksi =0
σ'a: 22.860 ksi = SQRT(SIGxa^2 + SIGya^2 - 
  SIGxa*SIGya + TAUxya^2)
σxm: 3.240 =SIGm
σym: 0 =0
τxym: 0 =0
σ'm: 3.240 = SQRT(SIGxm^2 + SIGym^2 - 
     SIGxm*SIGym + TAUxym^2)
9
Uncorrected endurance limit
S'e: 100 ksi = 0.5*Sut max 100
Load factor
Cload: 1
 diameter
deq: 1.378 in = d
Size factor
Csize: 0.842389 = 0.869*deq^-0.097
Surface factor
A: 1.34 Note 7.
b': -0.085
Csurf: 0.849557 = AAA * Sut^bbb
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10
Se: 58.255 ksi = Cload * Csize * Csurf * Ctemp * Creliab * 
    Sprme
11
Modulus of elasticity
E: 3.00E+07 psi
Case 1 Factor of safety
Nf1: 54.052 = (Sy/SIGprmm) * (1 - (SIGprma/Sy))
Case 2 Factor of safety
Nf2: 2.510 = (Se/SIGprma) * (1 - (SIGprmm/Sut))
The corrected endurance limit is calculated using equation 6.6.  
The four possible safety factors are calculated using equation 6.18.  The smallest or most 
appropriate one can be selected from those calculated.
The local stresses are used to compute the von Mises alternating and mean stresses from 
equations 6.22b.
Case 3 Factor of safety
Nf3: 2.453 = (Se * Sut) / 
       (SIGprma * Sut + SIGprmm * Se)
Case 4 Factor of safety
SaS: 54.967 ksi = Se * (1 - ((Se^2 + Sut * SIGprmm - Se * 
       SIGprma) /   (Se^2 + Sut^2)))
SmS: 12.021 ksi =Sut*((Se^2+Sut*SIGprmm-Se*SIGprma) /
       (Se^2 + Sut^2))
Nf4: 2.442 = (SQRT(SIGprma^2 + SIGprmm^2) +
       SQRT((SaS - SIGprma)^2 + 
       (SmS - SIGprmm)^2)) / 
       SQRT(SIGprma^2 + SIGprmm^2)
12
Deflection at x = L
ymax: -0.00050 in = (Fmax / (6 * E * momIn)) * 
       (L^3 - 3 * a * L^2 - (L-a)^3)
The maximum deflection is calculated using the maximum applied force Fmax.
Problem
Given Load limits
Fmin: -1310.71 lbf
Fmax: 6097.625 lbf
3
Sut: 213 ksi
Sy: 198 ksi
4
Diameter
d: 1.574803 in
Note 1.
Note 2.
Distance to load
a: 1.09 in
Beam length
L: 1.54 in
5
Mean load
Fm: 698 lbf calcs
Alternating load
Fa: 5399 lbf =  (Fmax - Fm)
Reaction force
Rm: 698 lbf =Fm
Ra: 5399 lbf =Fa
Cantilever Bracket for Fluctuating Bending
Calculations for a 3.7" bore Gas Engine with a 1000 PSI explosion pressure
Material=4340 Q&T at 800F
We will assume the trial dimensions to be the same as those of the successful solution to 
the fully reversed case from Example 6-4.  These are
The mean and alternating components of the load and their reaction forces can be 
calculated from the given maximum and minimum load.
This valueof 'a' will leave some material around the hole and still fit within the 6-in-length 
constraint.
Rmax: 6098 lbf =Fmax
Reaction moment
Ma: 5887 lbf in = Ra * L - Fa * (L-a)
Mm: 761 lbf in = Rm * L - Fm * (L-a)
Mmax: 6648 lbf in = Rmax * L - Fmax * (L-a)
Moment of inertia
I: 0.302 in^4 = PI()/64*d^4 Note 3.
Outer fiber distance
c: 0.79 in = 0.5 * d Note 4.
Nominal alternating stress
σanom: 15.35 ksi = (Ma * cc) / momIn /1000
σmnom: 1.99 ksi = (Mm * cc) / momIn /1000
σmax: 17.34 ksi = (Mmax * cc) / momIn /1000
6
Kt: 2.000 Due to Fretting
7
Neuber constant
a: 0.0003 in = 0.018^2 Note 6.
q: 0.6400 By Table
Kf: 1.6400 = 1 + q * (Kt - 1)
if… then Kfm = Kf.
Kf * abs(σmax): 28.44 =Kf*ABS(SIGmax)
Since this is less than Sy = 60 ksi, 
Kfm: 1.6400 =Kf
8
σa: 25.18 ksi = Kf * SIGanom
σm: 3.26 ksi = Kfm * SIGmnom
Use these factors to find the local mean and alternating notch stresses.
From these, the mean and alternating moments, and the maximum moment acting at the 
root of the cantilever beam can be calculated.
The area moment of inertia and the distance to the outer fiber are:
The nominal bending stresses at the root are found for both the alternating load and the 
mean load.
Calculate the stress concentration factor for this geometry using Figure 4-36.  The r/d and 
D/d ratios are
yf SK <⋅ maxσ
σxa: 25.180 ksi = SIGa
σya: 0.00 ksi =0
τxya: 0.00 ksi =0
σ'a: 25.180 ksi = SQRT(SIGxa^2 + SIGya^2 - 
SIGxa*SIGya + TAUxya^2)
σxm: 3.256 =SIGm
σym: 0 =0
τxym: 0 =0
σ'm: 3.256 = SQRT(SIGxm^2 + SIGym^2 - 
     SIGxm*SIGym + TAUxym^2)
9
Uncorrected endurance limit
S'e: 100 ksi = 0.5*Sut max 100
Load factor
Cload: 1
 diameter
deq: 1.574803 in = d
Size factor
Csize: 0.831551 = 0.869*deq^-0.097
Surface factor
A: 1.34 Note 7.
b': -0.085
Csurf: 0.849557 = AAA * Sut^bbb
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10
Se: 57.505 ksi = Cload * Csize * Csurf * Ctemp * Creliab * 
    Sprme
11
Modulus of elasticity
E: 3.00E+07 psi
Case 1 Factor of safety
Nf1: 53.070 = (Sy/SIGprmm) * (1 - (SIGprma/Sy))
Case 2 Factor of safety
Nf2: 2.249 = (Se/SIGprma) * (1 - (SIGprmm/Sut))
The local stresses are used to compute the von Mises alternating and mean stresses from 
equations 6.22b.
The corrected endurance limit is calculated using equation 6.6.  
The four possible safety factors are calculated using equation 6.18.  The smallest or most 
appropriate one can be selected from those calculated.
Case 3 Factor of safety
Nf3: 2.207 = (Se * Sut) / 
       (SIGprma * Sut + SIGprmm * Se)
Case 4 Factor of safety
SaS: 54.490 ksi = Se * (1 - ((Se^2 + Sut * SIGprmm - Se * 
       SIGprma) /   (Se^2 + Sut^2)))
SmS: 11.169 ksi =Sut*((Se^2+Sut*SIGprmm-Se*SIGprma) /
       (Se^2 + Sut^2))
Nf4: 2.196 = (SQRT(SIGprma^2 + SIGprmm^2) +
       SQRT((SaS - SIGprma)^2 + 
       (SmS - SIGprmm)^2)) / 
       SQRT(SIGprma^2 + SIGprmm^2)
12
Deflection at x = L
ymax: -0.00047 in = (Fmax / (6 * E * momIn)) * 
       (L^3 - 3 * a * L^2 - (L-a)^3)
The maximum deflection is calculated using the maximum applied force Fmax.
Problem
Given Load limits
Fmin: -1435.49 lbf
Fmax: 9052.08 lbf
3
Sut: 213 ksi
Sy: 198 ksi
4
Diameter
d: 1.771654 in
Note 1.
Note 2.
Distance to load
a: 1.09 in
Beam length
L: 1.54 in
5
Mean load
Fm: 1076 lbf calcs
Alternating load
Fa: 7976 lbf =  (Fmax - Fm)
Reaction force
Rm: 1076 lbf =Fm
Ra: 7976 lbf =Fa
Cantilever Bracket for Fluctuating Bending
Calculations for a 3.75" Diesel Engine with a 1500psi explosion pressure
Material=4340 QT @800 F
We will assume the trial dimensions to be the same as those of the successful solution to 
the fully reversed case from Example 6-4.  These are
The mean and alternating components of the load and their reaction forces can be 
calculated from the given maximum and minimum load.
This valueof 'a' will leave some material around the hole and still fit within the 6-in-length 
constraint.
Rmax: 9052 lbf =Fmax
Reaction moment
Ma: 8696 lbf in = Ra * L - Fa * (L-a)
Mm: 1173 lbf in = Rm * L - Fm * (L-a)
Mmax: 9869 lbf in = Rmax * L - Fmax * (L-a)
Moment of inertia
I: 0.484 in^4 = PI()/64*d^4 Note 3.
Outer fiber distance
c: 0.89 in = 0.5 * d Note 4.
Nominal alternating stress
σanom: 15.93 ksi = (Ma * cc) / momIn /1000
σmnom: 2.15 ksi = (Mm * cc) / momIn /1000
σmax: 18.08 ksi = (Mmax * cc) / momIn /1000
6
Kt: 2.000 Due to Fretting
7
Neuber constant
a: 0.0003 in = 0.018^2 Note 6.
q: 0.6400 By Table
Kf: 1.6400 = 1 + q * (Kt - 1)
if… then Kfm = Kf.
Kf * abs(σmax): 29.65 =Kf*ABS(SIGmax)
Since this is less than Sy = 60 ksi, 
Kfm: 1.6400 =Kf
8
σa: 26.12 ksi = Kf * SIGanom
σm: 3.52 ksi = Kfm * SIGmnom
Use these factors to find the local mean and alternating notch stresses.
From these, the mean and alternating moments, and the maximum moment acting at the 
root of the cantilever beam can be calculated.
The area moment of inertia and the distance to the outer fiber are:
The nominal bending stresses at the root are found for both the alternating load and the 
mean load.
Calculate the stress concentration factor for this geometry using Figure 4-36.  The r/d and 
D/d ratios are
yf SK  max
σxa: 26.124 ksi = SIGa
σya: 0.00 ksi =0
τxya: 0.00 ksi =0
σ'a: 26.124 ksi = SQRT(SIGxa^2 + SIGya^2 - 
 SIGxa*SIGya +TAUxya^2)
σxm: 3.524 =SIGm
σym: 0 =0
τxym: 0 =0
σ'm: 3.524 = SQRT(SIGxm^2 + SIGym^2 - 
     SIGxm*SIGym + TAUxym^2)
9
Uncorrected endurance limit
S'e: 100 ksi = 0.5*Sut max 100
Load factor
Cload: 1
 diameter
deq: 1.771654 in = d
Size factor
Csize: 0.822105 = 0.869*deq^-0.097
Surface factor
A: 1.34 Note 7.
b': -0.085
Csurf: 0.849557 = AAA * Sut^bbb
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10
Se: 56.852 ksi = Cload * Csize * Csurf * Ctemp * Creliab * 
    Sprme
11
Modulus of elasticity
E: 3.00E+07 psi
Case 1 Factor of safety
Nf1: 48.772 = (Sy/SIGprmm) * (1 - (SIGprma/Sy))
Case 2 Factor of safety
Nf2: 2.140 = (Se/SIGprma) * (1 - (SIGprmm/Sut))
The local stresses are used to compute the von Mises alternating and mean stresses from 
equations 6.22b.
The corrected endurance limit is calculated using equation 6.6.  
The four possible safety factors are calculated using equation 6.18.  The smallest or most 
appropriate one can be selected from those calculated.
Case 3 Factor of safety
Nf3: 2.101 = (Se * Sut) / 
       (SIGprma * Sut + SIGprmm * Se)
Case 4 Factor of safety
SaS: 53.930 ksi = Se * (1 - ((Se^2 + Sut * SIGprmm - Se * 
       SIGprma) /   (Se^2 + Sut^2)))
SmS: 10.946 ksi =Sut*((Se^2+Sut*SIGprmm-Se*SIGprma) /
       (Se^2 + Sut^2))
Nf4: 2.092 = (SQRT(SIGprma^2 + SIGprmm^2) +
       SQRT((SaS - SIGprma)^2 + 
       (SmS - SIGprmm)^2)) / 
       SQRT(SIGprma^2 + SIGprmm^2)
12
Deflection at x = L
ymax: -0.00044 in = (Fmax / (6 * E * momIn)) * 
       (L^3 - 3 * a * L^2 - (L-a)^3)
The maximum deflection is calculated using the maximum applied force Fmax.
Army BMW Diesel
1% 315 119 69
5% 929 351 202
10% 1498 566 326
50% 7490 2829 1632
Percent of Bearings 
Failed
Roller Bearing Life in Hours to Internal Failure
Engine
Roller Bearing Life Calculator
Diesel Engine
Basic Dynamic Load Rating C 21244 lb
Applied Load P 9052 lb
Weibull Factor (10%Failure) Kr 1 Select KR by Table on P. 659 
Bearing Life Lp 17.178 Million Revolutions
Inner Camtrack Arclength CamArc 54.65
Cam Powerstroke Arclength ArcLength 5.123438 in
Bearing Diameter d 3.346457 in
Bearing Circumference c 10.5132 in
Revolutions per Powerstroke rev/ps 0.487334
Revolutions per CamRevolution rev/camrev 0.974667
Cam RPM camrev/min 900 rpm
Revolutions/Hour Rev/h 52632.03 revolutions per hour
Number of Hours Until Failure FailTime 326.3791 Hours
Roller Bearing Life Calculator
BMW Engine
Basic Dynamic Load Rating C 21244 lb
Applied Load P 7040.5 lb
Weibull Factor (10%Failure) Kr 1 Select KR by Table on P. 659 
Bearing Life Lp 39.69867 Million Revolutions
Inner Camtrack Arclength CamArc 54.65
Cam Powerstroke Arclength ArcLength 5.123438 in
Bearing Diameter d 3.346457 in
Bearing Circumference c 10.5132 in
Revolutions per Powerstroke rev/ps 0.487334
Revolutions per CamRevolution rev/camrev 0.974667
Cam RPM camrev/min 1200 rpm
Revolutions/Hour Rev/h 70176.04 revolutions per hour
Number of Hours Until Failure FailTime 565.7012 Hours
Roller Bearing Life Calculator
Army Engine
Basic Dynamic Load Rating C 15511 lb
Applied Load P 3750 lb
Weibull Factor (10%Failure) Kr 1 Select KR by Table on P. 659 
Bearing Life Lp 113.5957 Million Revolutions
Inner Camtrack Arclength CamArc 66.7
Cam Powerstroke Arclength ArcLength 6.253125 in
Bearing Diameter d 2.834646 in
Bearing Circumference c 8.905302 in
Revolutions per Powerstroke rev/ps 0.70218
Revolutions per CamRevolution rev/camrev 1.40436
Cam RPM camrev/min 900 rpm
Revolutions/Hour Rev/h 75835.44 revolutions per hour
Number of Hours Until Failure FailTime 1497.923 Hours
Calculations for Diesel Engine, Cylindical  Rollers
Poisson Ratio v1 0.28
Poisson Ratio v2 0.28
Mod of E E1 3.00E+07
Mod of E E2 3.00E+07
Radius R1 3.35
Radius R2 3.7
Force F 9052
Roller Length L 0.9
Mat. Constant m1 3.072E-08
Mat. Constant m2 3.072E-08
Geometry Const. B 0.284388866
patch half-width a 3.719E-02
Patch Area A 6.695E-02
Cylindrical Contact Stress (no slip)
Inputs
Poisson Ratio v 0.28
Force F 9052
patch half-width a 3.719E-02
Outputs
max Pressure Pmax 1.722E+05
Max stress x Sx -1.722E+05
Max stress y Sy -9.641E+04
Max stress z Sz -1.722E+05
Max Shear t13 5.853E+04
Slipping Contact Stress, Clyinders z=0, abs(x)<=a
inputs
Max Pressure Pmax 1.722E+05
x-coordinate x 1.116E-02 0.3
patch half-width a 3.719E-02
Cylindrical contact patch
Inputs
Outputs
Coeff. Friction mew 0.33
Poisson Ratio v 0.28
Outputs
Max Tangent pressure fmax 5.681E+04
Sxn Sxn -1.642E+05
Szn Szn -1.642E+05
txzn txzn 0
Sxt Sxt -3.409E+04
Szt Szt 0
txzt txzt -5.419E+04
Sxnom Sx -1.983E+05
Synom Sy -1.015E+05
Sznom Sz -1.642E+05
txznom txz -5.419E+04
Kf 1.64 Stress Concentration
Sx -3.252E+05
Sy -1.665E+05
Sz -2.693E+05
txz -8.888E+04
Sx -3.252E+05
Sy -1.665E+05
Sz -2.693E+05
txy 0
tyz 0
tzx -8.888E+04
VMS 2.077E+05
Surface Fatigue Life
Sy 230 ksi
Max  Stress 207.731 ksi
Material: 4340 induction hardened steel Q&T at 600F
 3D Von Mises Stress Calculator (for ductile 
Inputs
Output
Max Stress 207.731
K 1.400E+04 psi
g 63.44
a 14.02
Nlife 2.045E+05
Cycles Needed 1.00E+08
SFf 0.002
Sfstatic 1.107202106
Calculations for BMW Engine, Cylindical  Rollers
Poisson Ratio v1 0.28
Poisson Ratio v2 0.28
Mod of E E1 3.00E+07
Mod of E E2 3.00E+07
Radius R1 3.15
Radius R2 3.7
Force F 6100
Roller Length L 0.9
Mat. Constant m1 3.072E-08
Mat. Constant m2 3.072E-08
Geometry Const. B 0.293865294
patch half-width a 3.004E-02
Patch Area A 5.406E-02
Cylindrical Contact Stress (no slip)
Inputs
Poisson Ratio v 0.28
Force F 6100
patch half-width a 3.004E-02
Outputs
max Pressure Pmax 1.437E+05
Max stress x Sx -1.437E+05
Max stress y Sy -8.045E+04
Max stress z Sz -1.437E+05
Max Shear t13 4.884E+04
Slipping Contact Stress, Clyinders z=0, abs(x)<=a
inputs
Max Pressure Pmax 1.437E+05
x-coordinate x 9.011E-03 0.3
patch half-width a 3.004E-02
Cylindrical contact patch
Inputs
Outputs
Coeff. Friction mew 0.33
Poisson Ratio v 0.28
Outputs
Max Tangent pressure fmax 4.741E+04
Sxn Sxn -1.370E+05
Szn Szn -1.370E+05
txzn txzn 0
Sxt Sxt -2.844E+04
Szt Szt 0
txzt txzt -4.522E+04
Sxnom Sx -1.655E+05
Synom Sy -8.471E+04
Sznom Sz -1.370E+05
txznom txz -4.522E+04
Kf 1.64 Stress Concentration
Sx -2.714E+05
Sy -1.389E+05
Sz -2.247E+05
txz -7.417E+04
Sx -2.714E+05
Sy -1.389E+05
Sz -2.247E+05
txy 0
tyz 0
tzx -7.417E+04
VMS 1.733E+05
Surface Fatigue Life
Sy 230 ksi
Max  Stress 173.345 ksi
Material: 4340 induction hardened steel Q&T at 600F
 3D Von Mises Stress Calculator (for ductile 
Inputs
Output
Max Stress 173.345
K 9.750E+03 psi
g 63.44
a 14.02
Nlife 3.268E+07
Cycles Needed 1.00E+08
SFf 0.327
Sfstatic 1.326833428
Calculations for Army Engine, Cylindical  Rollers
Poisson Ratio v1 0.28
Poisson Ratio v2 0.28
Mod of E E1 3.00E+07
Mod of E E2 3.00E+07
Radius R1 2.83
Radius R2 3.7
Force F 3750
Roller Length L 0.9
Mat. Constant m1 3.072E-08
Mat. Constant m2 3.072E-08
Geometry Const. B 0.31181358
patch half-width a 2.286E-02
Patch Area A 4.115E-02
Cylindrical Contact Stress (no slip)
Inputs
Poisson Ratio v 0.28
Force F 3750
patch half-width a 2.286E-02
Outputs
max Pressure Pmax 1.160E+05
Max stress x Sx -1.160E+05
Max stress y Sy -6.497E+04
Max stress z Sz -1.160E+05
Max Shear t13 3.945E+04
Slipping Contact Stress, Clyinders z=0, abs(x)<=a
inputs
Max Pressure Pmax 1.160E+05
x-coordinate x 6.859E-03 0.3
patch half-width a 2.286E-02
Cylindrical contact patch
Inputs
Outputs
Coeff. Friction mew 0.33
Poisson Ratio v 0.28
Outputs
Max Tangent pressure fmax 3.829E+04
Sxn Sxn -1.107E+05
Szn Szn -1.107E+05
txzn txzn 0
Sxt Sxt -2.297E+04
Szt Szt 0
txzt txzt -3.653E+04
Sxnom Sx -1.337E+05
Synom Sy -6.841E+04
Sznom Sz -1.107E+05
txznom txz -3.653E+04
Kf 1.64 Stress Concentration
Sx -2.192E+05
Sy -1.122E+05
Sz -1.815E+05
txz -5.990E+04
Sx -2.192E+05
Sy -1.122E+05
Sz -1.815E+05
txy 0
tyz 0
tzx -5.990E+04
VMS 1.400E+05
Surface Fatigue Life
Sy 230 ksi
Max  Stress 140.002 ksi
Material: 4340 induction hardened steel Q&T at 
600F
 3D Von Mises Stress Calculator (for 
Inputs
Output
Max Stress 140.002
K 6.360E+03 psi
g 63.44
a 14.02
Nlife 1.305E+10
Cycles Needed 1.00E+08
SFf 130.536
Sfstatic 1.642828862
Calculations for Diesel Engine, Crowned  Rollers
General Contact
R1 4
R1' 24
R2 3.7
R2' 1E+12
F 9052
E1 3.00E+07
E2 3.00E+07
v1 0.28
v2 0.28
Theta 0
m1 3.07E-08
m2 3.07E-08
A 0.280968468
B 0.239301802
Phi 31.60257253 in deg
Pave 171164.8005
Pmax 256747.2007
ka 2.556517692
kb 0.505978183 0.415
k3 0.197916949
k4 0.980218792
a 0.291641023
b 0.057720702 Switch needed for Interpolation
SignomX -162442.86
SignomY -238082.773
SignomZ -256747.201
T13nom 47152.17043
Txz axis end 30783.72319
87294.04824
Kf 1 Stress Concentration
Sx -1.624E+05
Sy -2.381E+05
Sz -2.567E+05
txz 8.729E+04
Use Txz that is greater
Or Interpolate:
Txznom subsurface
 3D Von Mises Stress Calculator (for 
Inputs
Sx -1.624E+05
Sy -2.381E+05
Sz -2.567E+05
txy 0
tyz 0
tzx 8.729E+04
VMS 1.742E+05
Surface Fatigue Life
Sy 230 ksi
Max Nominal Stress 174.190 ksi
Max Stress 174.1903717
K 1.272E+04 psi
g 63.44
a 14.02
Nlife 7.822E+05
Cycles Needed 1.00E+09
SFf 0.001
Sfstatic 1.32039445
Output
Material: 4340 induction hardened steel Q&T at 
600F
Calculations for BMW Engine, Crowned  Rollers
General Contact
R1 4
R1' 24
R2 3.7
R2' 1E+12
F 6100
E1 3.00E+07
E2 3.00E+07
v1 0.28
v2 0.28
Theta 0
m1 3.07E-08
m2 3.07E-08
A 0.280968468
B 0.239301802
Phi 31.60257253 in deg
Pave 150063.8973
Pmax 225095.846
ka 2.556517692
kb 0.505978183 0.415
k3 0.197916949
k4 0.980218792
a 0.255688018
b 0.050604992 Switch needed for Interpolation
SignomX -142417.183
SignomY -208732.337
SignomZ -225095.846
T13nom 41339.3317
Txz axis end 26988.75858
76532.58764
Kf 1 Stress Concentration
Sx -1.424E+05
Sy -2.087E+05
Sz -2.251E+05
txz 7.653E+04
Or Interpolate:
Use Txz that is greater
Txznom subsurface
 3D Von Mises Stress Calculator (for 
Sx -1.424E+05
Sy -2.087E+05
Sz -2.251E+05
txy 0
tyz 0
tzx 7.653E+04
VMS 1.527E+05
Surface Fatigue Life
Sy 230 ksi
Max Nominal Stress 152.716 ksi
Max Stress 152.7164814
K 9.780E+03 psi
g 63.44
a 14.02
Nlife 3.130E+07
Cycles Needed 1.00E+09
SFf 0.031
Sfstatic 1.506058796
Material: 4340 induction hardened steel Q&T at 
600F
Inputs
Output
Calculations for Army Engine, Crowned  Rollers
General Contact
R1 3.5
R1' 24
R2 3.7
R2' 1E+12
F 3750
E1 3.00E+07
E2 3.00E+07
v1 0.28
v2 0.28
Theta 0
m1 3.07E-08
m2 3.07E-08
A 0.298825611
B 0.257158945
Phi 30.6198886 in deg
Pave 130926.5321
Pmax 196389.7981
ka 2.627099321
kb 0.499988433 0.415
k3 0.190319578
k4 0.98172219
a 0.218869443
b 0.04165514 Switch needed for Interpolation
SignomX -123794.578
SignomY -182573.507
SignomZ -196389.798
T13nom 36297.60982
Txz axis end 23228.97275
66772.53137
Kf 1 Stress Concentration
Sx -1.238E+05
Sy -1.826E+05
Sz -1.964E+05
txz 6.677E+04
Or Interpolate:
Use Txz that is greater
Txznom subsurface
 3D Von Mises Stress Calculator (for 
Inputs
Sx -1.238E+05
Sy -1.826E+05
Sz -1.964E+05
txy 0
tyz 0
tzx 6.677E+04
VMS 1.335E+05
Surface Fatigue Life
Sy 230 ksi
Max Nominal Stress 133.543 ksi
Max Stress 133.542772
K 7.445E+03 psi
g 63.44
a 14.02
Nlife 1.435E+09
Cycles Needed 1.00E+09
SFf 1.435
Sfstatic 1.722294637
Material: 4340 induction hardened steel Q&T at 
600F
Output
Calculations for Diesel Engine, Logarithmic  Rollers
Poisson Ratio v1 0.28
Poisson Ratio v2 0.28
Mod of E E1 3.00E+07
Mod of E E2 3.00E+07
Radius R1 3.35
Radius R2 3.7
Force F 9052
Roller Length L 0.675 0.75
% in line contact
Mat. Constant m1 3.072E-08
Mat. Constant m2 3.072E-08
Geometry Const. B 0.28438887
patch half-width a 4.295E-02
Patch Area A 5.798E-02
Cylindrical Contact Stress (no slip)
Inputs
Poisson Ratio v 0.28
Force F 9052
patch half-width a 4.295E-02
Outputs
max Pressure Pmax 1.988E+05
Max stress x Sx -1.988E+05
Max stress y Sy -1.113E+05
Max stress z Sz -1.988E+05
Max Shear t13 6.759E+04
Slipping Contact Stress, Clyinders z=0, abs(x)<=a
inputs
Max Pressure Pmax 1.988E+05
x-coordinate x 1.288E-02 0.3
patch half-width a 4.295E-02
Cylindrical contact patch
Inputs
Outputs
Coeff. Friction mew 0.33
Poisson Ratio v 0.28
Outputs
Max Tangent pressure fmax 6.560E+04
Sxn Sxn -1.896E+05
Szn Szn -1.896E+05
txzn txzn 0
Sxt Sxt -3.936E+04
Szt Szt 0
txzt txzt -6.258E+04
Sxnom Sx -2.290E+05
Synom Sy -1.172E+05
Sznom Sz -1.896E+05
txznom txz -6.258E+04
Kf 1 Stress Concentration
Sx -2.290E+05
Sy -1.172E+05
Sz -1.896E+05
txz -6.258E+04
Sx -2.290E+05
Sy -1.172E+05
Sz -1.896E+05
txy 0
tyz 0
tzx -6.258E+04
VMS 1.463E+05
Surface Fatigue Life
Sy 230 ksi
Max  Stress 146.260 ksi
 3D Von Mises Stress Calculator (for 
Inputs
Output
Material: 4340 induction hardened steel Q&T at 
600F
Max Stress 146.260
K 6.941E+03 psi
g 63.44
a 14.02
Nlife 3.830E+09
Cycles Needed 1.00E+08
SFf 38.302
Sfstatic 1.572538848
Calculations for BMW Engine, Logarithmic  Rollers
Poisson Ratio v1 0.28
Poisson Ratio v2 0.28
Mod of E E1 3.00E+07
Mod of E E2 3.00E+07
Radius R1 3.15
Radius R2 3.7
Force F 6100
Roller Length L 0.675 0.75
Mat. Constant m1 3.072E-08
Mat. Constant m2 3.072E-08
Geometry Const. B 0.29386529
patch half-width a 3.468E-02
Patch Area A 4.682E-02
Cylindrical Contact Stress (no slip)
Inputs
Poisson Ratio v 0.28
Force F 6100
patch half-width a 3.468E-02
Outputs
max Pressure Pmax 1.659E+05
Max stress x Sx -1.659E+05
Max stress y Sy -9.289E+04
Max stress z Sz -1.659E+05
Max Shear t13 5.640E+04
Slipping Contact Stress, Clyinders z=0, abs(x)<=a
inputs
Max Pressure Pmax 1.659E+05
x-coordinate x 1.040E-02 0.3
patch half-width a 3.468E-02
Cylindrical contact patch
Inputs
Outputs
Coeff. Friction mew 0.33
Poisson Ratio v 0.28
Outputs
Max Tangent pressure fmax 5.474E+04
Sxn Sxn -1.582E+05
Szn Szn -1.582E+05
txzn txzn 0
Sxt Sxt -3.284E+04
Szt Szt 0
txzt txzt -5.222E+04
Sxnom Sx -1.911E+05
Synom Sy -9.781E+04
Sznom Sz -1.582E+05
txznom txz -5.222E+04
Kf 1 Stress Concentration
Sx -1.911E+05
Sy -9.781E+04
Sz -1.582E+05
txz -5.222E+04
Sx -1.911E+05
Sy -9.781E+04
Sz -1.582E+05
txy 0
tyz 0
tzx -5.222E+04
VMS 1.220E+05
Surface Fatigue Life
Sy 230 ksi
Max  Stress 122.050 ksi
 3D Von Mises Stress Calculator (for 
Inputs
Output
Material: 4340 induction hardened steel Q&T at 
600F
Max Stress 122.050
K 4.833E+03 psi
g 63.44
a 14.02
Nlife 6.122E+11
Cycles Needed 1.00E+08
SFf 6121.736
Sfstatic 1.884477187
Calculations for Army Engine, Logarithmic  Rollers
Poisson Ratio v1 0.28
Poisson Ratio v2 0.28
Mod of E E1 3.00E+07
Mod of E E2 3.00E+07
Radius R1 2.83
Radius R2 3.7
Force F 3750
Roller Length L 0.675 0.75
Mat. Constant m1 3.072E-08
Mat. Constant m2 3.072E-08
Geometry Const. B 0.31181358
patch half-width a 2.640E-02
Patch Area A 3.564E-02
Cylindrical Contact Stress (no slip)
Inputs
Poisson Ratio v 0.28
Force F 3750
patch half-width a 2.640E-02
Outputs
max Pressure Pmax 1.340E+05
Max stress x Sx -1.340E+05
Max stress y Sy -7.503E+04
Max stress z Sz -1.340E+05
Max Shear t13 4.555E+04
Slipping Contact Stress, Clyinders z=0, abs(x)<=a
inputs
Max Pressure Pmax 1.340E+05
x-coordinate x 7.920E-03 0.3
patch half-width a 2.640E-02
Cylindrical contact patch
Inputs
Outputs
Coeff. Friction mew 0.33
Poisson Ratio v 0.28
Outputs
Max Tangent pressure fmax 4.421E+04
Sxn Sxn -1.278E+05
Szn Szn -1.278E+05
txzn txzn 0
Sxt Sxt -2.653E+04
Szt Szt 0
txzt txzt -4.218E+04
Sxnom Sx -1.543E+05
Synom Sy -7.900E+04
Sznom Sz -1.278E+05
txznom txz -4.218E+04
Kf 1 Stress Concentration
Sx -1.543E+05
Sy -7.900E+04
Sz -1.278E+05
txz -4.218E+04
Sx -1.543E+05
Sy -7.900E+04
Sz -1.278E+05
txy 0
tyz 0
tzx -4.218E+04
VMS 9.857E+04
Surface Fatigue Life
Sy 230 ksi
Max  Stress 98.574 ksi
 3D Von Mises Stress Calculator (for 
Inputs
Output
Material: 4340 induction hardened steel Q&T at 
600F
Max Stress 98.574
K 3.153E+03 psi
g 63.44
a 14.02
Nlife 2.445E+14
Cycles Needed 1.00E+08
SFf 2445183.166
Sfstatic 2.333279707
Appendix 6: Logarithmic Bearing Design
Optimun Logarithmic Bearing Design
Diesel Engine
Kamamoto Method
Longitudinal Domain 
(Idependent Variable) y 0.45
Contact Length Lwe 0.905512 0.452756
1/2 Contact Width b 0.04295
Length/(.5Width) Lwe/b 21.08293
Nondimensional Y Y=y/b 10.4773
Applied Force F 9052 lb
Elastic Modulus E 2.90E+07 psi
Poisson Ratio v 0.29
Constant 1 k1 0.981111
Constant 2 k2 0.770866
Equivalent E E' 3.17E+07 psi
Coefficient A A 1.55E-04
Coefficient B B 2.17E+00
Curve wrt Y hcr(y) 4.67E-04
Hard Values for Spreadsheet
A 0.000155
B 2.166976
hcr (y) 4.67E-04
From Interpreting Graphs in Kamamoto Paper:
Percent Line Contact Lwe/b
80 10
94 100
94 1000
Assuming Linear From 10 to 100 Lwe/b
81.72401122 21.08293
For Diesel Log Roller @ 81.7% line Contact
Ncycles= 1.27E+10
Hours= 58,413
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Optimun Logarithmic Bearing Design
BMW Engine at 4800 rpm
Kamamoto Method
Longitudinal Domain 
(Idependent Variable) y 0.45
Contact Length Lwe 0.905512 0.452756
1/2 Contact Width b 0.035435
Length/(.5Width) Lwe/b 25.55417
Nondimensional Y Y=y/b 12.69931
Applied Force F 7040.5 lb
Elastic Modulus E 2.90E+07 psi
Poisson Ratio v 0.29
Constant 1 k1 0.984824
Constant 2 k2 0.814797
Equivalent E E' 3.17E+07 psi
Coefficient A A 1.27E-04
Coefficient B B 2.18E+00
Curve wrt Y hcr(y) 4.04E-04
Hard Values for Spreadsheet
A 0.000127
B 2.175176
hcr (y) 4.04E-04
From Interpreting Graphs in Kamamoto Paper:
Percent Line Contact Lwe/b
80 10
94 100
94 1000
Assuming Linear From 10 to 100 Lwe/b
82.41953762 25.55417 0.824195
For BMW 4800 Log Roller @ 81.7% line Contact
Ncycles= 3.35E+11
Hours= 2327882
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Optimun Logarithmic Bearing Design
Army Engine
Kamamoto Method
Longitudinal Domain 
(Idependent Variable) y 0.45
Contact Length Lwe 0.905512 0.452756
1/2 Contact Width b 0.024931
Length/(.5Width) Lwe/b 36.32066
Nondimensional Y Y=y/b 18.04979
Applied Force F 3750 lb
Elastic Modulus E 2.90E+07 psi
Poisson Ratio v 0.29
Constant 1 k1 0.98988
Constant 2 k2 0.884956
Equivalent E E' 3.17E+07 psi
Coefficient A A 7.37E-05
Coefficient B B 2.19E+00
Curve wrt Y hcr(y) 2.54E-04
Hard Values for Spreadsheet
A 7.36866E-05
B 2.186343161
hcr (y) 2.54E-04
From Interpreting Graphs in Kamamoto Paper:
Percent Line Contact Lwe/b
80 10
94 100
94 1000
Assuming Linear From 10 to 100 Lwe/b
84.09432532 36.32066274 0.840943
For Army Log Roller @ 84.1% line Contact
Ncycles= 1.21663E+15
Hours= 11,265,077,316
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Appendix 7: ValveTrain Design
Results:
Given Spring Force Range of:
Fmax: 200
Fmin: 100
Pushrod Camrod Pivot Link Pin Pivot Link
Material 316 SS 316 SS 1020 Steel Aluminum
Diameter 1/4"-28 1/4"-28 1/4" N/A
Fmax (lbf) 259 264 264 53
Fmin (lbf) 110 112 112 22
Failure mode
Thread 
Shear
Thread 
Shear Shear N/A
Safety Factor 
(Case 3) 2.9448508 2.8851157 10.74350224 N/A
Safety Factor 
(Case 4) 2.0455439 2.0134306 7.196233024 N/A
ValveTrain Force Modeling
At spring:
Min Force Fmin 100
Max Force Fmax 200
Mean Force FSpringMean 142.4413
Alternating Force FSpringAlt= 57.55868
Rocker armlength 1 r1 1.0625
Rocker armlength 2 r2 1.375
Pushrod Mean Force FprodMean 184.3358
Pushrod Alternating Force FprodAlt 74.48771
Cam Mean Force FcamMean= 188.1524 1.320912
Cam Alternating Force FcamAlt 76.02994
Pivot Link Mean Force FplinkMean 37.70462
Pivot Link Alternating Force FplinkAlt 15.23594
Given Load limits
Fm: 184.3358
Falt: 74.48771
Fmin: 109.8481 lbf
Fmax: 258.8235 lbf
3
Sut: 90 ksi
Sy: 40 ksi
4
Diameter
d: 0.25 in
minor d 0.1887 in
Pitch: 0.035714
Area: 0.049087 in^2
Shear Area: 0.020811 in^2
5
Mean load
Fm: 184 lbf
Alternating load
Fa: 74 lbf =  (Fmax - Fm)
Nominal alternating stress
σanom: 1.52 ksi
σmnom: 3.76 ksi
σmax: 5.27 ksi
6 Calculate the stress concentration factor for this geometry using Figure 4-36.  The r/d and D/d 
ratios are
Pushrod Design for Axial Tension
Material=Stainless 316
We will assume the trial dimensions to be the same as those of the successful solution to the 
fully reversed case from Example 6-4.  These are
The mean and alternating components of the load and their reaction forces can be calculated 
from the given maximum and minimum load.
Kt: 1.000
7
Neuber constant
a: 0.0003 in = 0.018^2 Note 6.
q: 0.6400 By Table
Kf: 1.0000 = 1 + q * (Kt - 1)
if… then Kfm = Kf.
Kf * abs(σmax): 5.27 =Kf*ABS(SIGmax)
Since this is less than Sy = 60 ksi, 
Kfm: 1.0000 =Kf
8
σa: 1.52 ksi = Kf * SIGanom
σm: 3.76 ksi = Kfm * SIGmnom
σxa: 1.517 ksi = SIGa
σya: 0.00 ksi =0
τxya: 3.58 ksi =0
σ'a: 3.888 ksi = SQRT(SIGxa^2 + SIGya^2 - SIGxa*SIGya +
      TAUxya^2)
σxm: 3.755 =SIGm
σym: 0 =0
τxym: 8.857697 =0
σ'm: 9.621 = SQRT(SIGxm^2 + SIGym^2 - 
     SIGxm*SIGym + TAUxym^2)
9
Uncorrected endurance limit
S'e: 36 ksi = 0.5*Sut max 100
Load factor
Cload: 0.7
 diameter
deq: 0.25 in = d
Use these factors to find the local mean and alternating notch stresses.
The local stresses are used to compute the von Mises alternating and mean stresses from 
equations 6.22b.
yf SK <⋅ maxσ
Size factor
Csize: 0.994076 = 0.869*deq^-0.097
Surface factor
A: 2.7 Note 7.
b': -0.265
Csurf: 0.819388 = AAA * Sut^bbb
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10
Se: 16.708 ksi = Cload * Csize * Csurf * Ctemp * Creliab * 
    Sprme
11
Modulus of elasticity
E: 3.00E+07 psi
Case 1 Factor of safety
Nf1: 3.754 = (Sy/SIGprmm) * (1 - (SIGprma/Sy))
Case 2 Factor of safety
Nf2: 3.838 = (Se/SIGprma) * (1 - (SIGprmm/Sut))
Case 3 Factor of safety
Nf3: 2.945 = (Se * Sut) / 
       (SIGprma * Sut + SIGprmm * Se)
Case 4 Factor of safety
SaS: 14.555 ksi = Se * (1 - ((Se^2 + Sut * SIGprmm - Se * 
       SIGprma) /   (Se^2 + Sut^2)))
SmS: 11.601 ksi =Sut*((Se^2+Sut*SIGprmm-Se*SIGprma) /
       (Se^2 + Sut^2))
Nf4: 2.046 = (SQRT(SIGprma^2 + SIGprmm^2) +
       SQRT((SaS - SIGprma)^2 + 
       (SmS - SIGprmm)^2)) / 
       SQRT(SIGprma^2 + SIGprmm^2)
The corrected endurance limit is calculated using equation 6.6.  
The four possible safety factors are calculated using equation 6.18.  The smallest or most 
appropriate one can be selected from those calculated.
Given Load limits
Fm: 188.1524
Falt: 76.02994
Fmin: 112.1225 lbf
Fmax: 264.1824 lbf
3
Sut: 90 ksi
Sy: 40 ksi
4
Diameter
d: 0.25 in
minor d 0.1887 in
Pitch: 0.035714
Area: 0.049087 in^2
Shear Area: 0.020811 in^2
5
Mean load
Fm: 188 lbf
Alternating load
Fa: 76 lbf =  (Fmax - Fm)
Nominal alternating stress
σanom: 1.55 ksi
σmnom: 3.83 ksi
σmax: 5.38 ksi
6 Calculate the stress concentration factor for this geometry using Figure 4-36.  The r/d and D/d 
ratios are
Camrod Design for Axial Tension
Material=Stainless 316
We will assume the trial dimensions to be the same as those of the successful solution to the 
fully reversed case from Example 6-4.  These are
The mean and alternating components of the load and their reaction forces can be calculated 
from the given maximum and minimum load.
Kt: 1.000
7
Neuber constant
a: 0.0003 in = 0.018^2 Note 6.
q: 0.6400 By Table
Kf: 1.0000 = 1 + q * (Kt - 1)
if… then Kfm = Kf.
Kf * abs(σmax): 5.38 =Kf*ABS(SIGmax)
Since this is less than Sy = 60 ksi, 
Kfm: 1.0000 =Kf
8
σa: 1.55 ksi = Kf * SIGanom
σm: 3.83 ksi = Kfm * SIGmnom
σxa: 1.549 ksi = SIGa
σya: 0.00 ksi =0
τxya: 3.65 ksi =0
σ'a: 3.968 ksi = SQRT(SIGxa^2 + SIGya^2 - SIGxa*SIGya +
      TAUxya^2)
σxm: 3.833 =SIGm
σym: 0 =0
τxym: 9.041092 =0
σ'm: 9.820 = SQRT(SIGxm^2 + SIGym^2 - 
     SIGxm*SIGym + TAUxym^2)
9
Uncorrected endurance limit
S'e: 36 ksi = 0.5*Sut max 100
Load factor
Cload: 0.7
 diameter
deq: 0.25 in = d
Use these factors to find the local mean and alternating notch stresses.
The local stresses are used to compute the von Mises alternating and mean stresses from 
equations 6.22b.
yf SK <⋅ maxσ
Size factor
Csize: 0.994076 = 0.869*deq^-0.097
Surface factor
A: 2.7 Note 7.
b': -0.265
Csurf: 0.819388 = AAA * Sut^bbb
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10
Se: 16.708 ksi = Cload * Csize * Csurf * Ctemp * Creliab * 
    Sprme
11
Modulus of elasticity
E: 3.00E+07 psi
Case 1 Factor of safety
Nf1: 3.669 = (Sy/SIGprmm) * (1 - (SIGprma/Sy))
Case 2 Factor of safety
Nf2: 3.751 = (Se/SIGprma) * (1 - (SIGprmm/Sut))
Case 3 Factor of safety
Nf3: 2.885 = (Se * Sut) / 
       (SIGprma * Sut + SIGprmm * Se)
Case 4 Factor of safety
SaS: 14.522 ksi = Se * (1 - ((Se^2 + Sut * SIGprmm - Se * 
       SIGprma) /   (Se^2 + Sut^2)))
SmS: 11.779 ksi =Sut*((Se^2+Sut*SIGprmm-Se*SIGprma) /
       (Se^2 + Sut^2))
Nf4: 2.013 = (SQRT(SIGprma^2 + SIGprmm^2) +
       SQRT((SaS - SIGprma)^2 + 
       (SmS - SIGprmm)^2)) / 
       SQRT(SIGprma^2 + SIGprmm^2)
The four possible safety factors are calculated using equation 6.18.  The smallest or most 
appropriate one can be selected from those calculated.
The corrected endurance limit is calculated using equation 6.6.  
Given Load limits
Fm: 188.1524
Falt: 76.02994
Fmin: 112.1225 lbf
Fmax: 264.1824 lbf
3
Sut: 47 ksi
Sy: 26 ksi
4
Diameter
d: 0.25 in
Area: 0.098175 in^2
5
Mean load
Fm: 188 lbf
Alternating load
Fa: 76 lbf =  (Fmax - Fm)
8
ta: 0.774435
tm: 1.916505
σxa: 0.000 ksi
σya: 0.00 ksi
τxya: 0.77 ksi
σ'a: 0.774 ksi
Pivot Linkpin Design for Double Shear
Material= 1010 hot-rolled Steel
We will assume the trial dimensions to be the same as those of the successful solution to the 
fully reversed case from Example 6-4.  These are
The mean and alternating components of the load and their reaction forces can be calculated 
from the given maximum and minimum load.
Use these factors to find the local mean and alternating notch stresses.
The local stresses are used to compute the von Mises alternating and mean stresses from 
equations 6.22b.
σxm: 0.000
σym: 0
τxym: 1.916505
σ'm: 1.917
9
Uncorrected endurance limit
S'e: 18.8 ksi = 0.5*Sut max 100
Load factor
Cload: 1
 diameter
deq: 0.25 in = d
Size factor
Csize: 0.994076 = 0.869*deq^-0.097
Surface factor
A: 2.7 Note 7.
b': -0.265
Csurf: 0.973325 = AAA * Sut^bbb
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10
Se: 14.807 ksi = Cload * Csize * Csurf * Ctemp * Creliab * 
    Sprme
11
Modulus of elasticity
E: 3.00E+07 psi
Case 1 Factor of safety
Nf1: 13.162 = (Sy/SIGprmm) * (1 - (SIGprma/Sy))
Case 2 Factor of safety
Nf2: 18.340 = (Se/SIGprma) * (1 - (SIGprmm/Sut))
Case 3 Factor of safety
Nf3: 10.744 = (Se * Sut) / 
       (SIGprma * Sut + SIGprmm * Se)
Case 4 Factor of safety
SaS: 12.991 ksi = Se * (1 - ((Se^2 + Sut * SIGprmm - Se * 
       SIGprma) /   (Se^2 + Sut^2)))
SmS: 5.765 ksi =Sut*((Se^2+Sut*SIGprmm-Se*SIGprma) /
The four possible safety factors are calculated using equation 6.18.  The smallest or most 
appropriate one can be selected from those calculated.
The corrected endurance limit is calculated using equation 6.6.  
       (Se^2 + Sut^2))
Nf4: 7.196 = (SQRT(SIGprma^2 + SIGprmm^2) +
       SQRT((SaS - SIGprma)^2 + 
       (SmS - SIGprmm)^2)) / 
       SQRT(SIGprma^2 + SIGprmm^2)
Problem
3 Material:
Sut: 45 ksi
Sy: 40 ksi
4
8
sigmax 10.5 ksi From FEA
σa: 3.02 ksi
σm: 7.48 ksi Interpolated From FEA
σxa: 3.022 ksi = SIGa
σya: 0.00 ksi =0
τxya: 0.00 ksi =0
σ'a: 3.022 ksi = SQRT(SIGxa^2 + SIGya^2 - SIGxa*SIGya +
      TAUxya^2)
σxm: 7.478 =SIGm
σym: 0 =0
τxym: 0 =0
σ'm: 7.478 = SQRT(SIGxm^2 + SIGym^2 - 
     SIGxm*SIGym + TAUxym^2)
9
Uncorrected endurance limit
S'e: 18 ksi = 0.4*Sut
Load factor
Cload: 1
A95: 0.0375
 diameter
deq: 0.69968288 in = d
Size factor
The local stresses are used to compute the von Mises alternating and mean stresses from 
equations 6.22b.
Valve Rocker Design
Valve Rocker in fatigue in alternating loading
We will assume the trial dimensions to be the same as those of the successful solution to the 
fully reversed case from Example 6-4.  These are
6061 T6 Aluminum
Use these factors to find the local mean and alternating notch stresses.
Csize: 0.89963088 = 0.869*deq^-0.097
Surface factor
A: 2.7 Note 7.
b': -0.265
Csurf: 0.98460593 = AAA * Sut^bbb
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10
Se: 12.978 ksi = Cload * Csize * Csurf * Ctemp * Creliab * 
    Sprme
11
Modulus of elasticity
E: 3.00E+07 psi
Case 1 Factor of safety
Nf1: 4.945 = (Sy/SIGprmm) * (1 - (SIGprma/Sy))
Case 2 Factor of safety
Nf2: 3.581 = (Se/SIGprma) * (1 - (SIGprmm/Sut))
Case 3 Factor of safety
Nf3: 2.506 = (Se * Sut) / 
       (SIGprma * Sut + SIGprmm * Se)
Case 4 Factor of safety
SaS: 10.223 ksi = Se * (1 - ((Se^2 + Sut * SIGprmm - Se * 
       SIGprma) /   (Se^2 + Sut^2)))
SmS: 9.555 ksi =Sut*((Se^2+Sut*SIGprmm-Se*SIGprma) /
       (Se^2 + Sut^2))
Nf4: 1.929 = (SQRT(SIGprma^2 + SIGprmm^2) +
       SQRT((SaS - SIGprma)^2 + 
       (SmS - SIGprmm)^2)) / 
       SQRT(SIGprma^2 + SIGprmm^2)
The corrected endurance limit is calculated using equation 6.6.  
The four possible safety factors are calculated using equation 6.18.  The smallest or most 
appropriate one can be selected from those calculated.
Appendix 8: Gear Selection
Surface Fatigue Strength Calculator
Input
Suface Life Factor CL 0.794906
Hardness Ratio Factor CH 1
Temperature Factor CT 1
Reliabiltiy Factor CR 1
Published strength Sfc' 180000
Ouput
Fatigue Surface Strength Sfc 143083.2
Bending Strength Calculator Pinion
Input
Suface Life Factor KL 0.852005
Temperature Factor KT 1
Reliabiltiy Factor KR 1
Published strength Sfc' 60000
Ouput
Fatigue Surface Strength Sfc 51120.32
Bending Strength Calculator Gear
Input
Suface Life Factor KL 0.873291
Temperature Factor KT 1
Reliabiltiy Factor KR 1
Published strength Sfc' 60000
Ouput
Fatigue Surface Strength Sfc 52397.46
RPM Gear 900
RPM pinion 1800
Life Required: 1,000,000 hr
Gear Number of Cycles required: 54,000,000,000
Pinion Number of Cycles required: 216,000,000,000
EXAMPLE 13-2
Problem
Given From Example 12-7.
Output HP:
HP: 75 hp
Transmitted power a each gear interface
P: 37.5 hp
P: 247515 lbf in/sec =P*6600.4
Pinion shaft speed
ωp: 1800 rpm
ωp: 15708 rad/min =2500*2*PI()
Tooth numbers
Np: 20
Ng: 40
Pressure angle
φ: 20 deg
φ: 0.349 rad =RADIANS(PHIdeg)
Spiral Angle
alpha: 35 deg
alpha: 0.611 rad
Diametral pitch
pd: 6.35 in-1  
Face width
F: 1.062992 in
Pitch Line Velocity:
Vt 2061.413 ft/min
Fatigue strength
Bending
SfbPinion: 5.11E+04 psi
SfbGear: 5.24E+04 psi
Surface
S'fc: 1.80E+05 psi
Sfc: 1.43E+05 psi
Assumptions Application factor
Ka: 1.35
Ca: 1.35 =Ka
Load dist. factor
Km: 1.6
Cm: 1.6 =Km
Size factor
Ks: 1
Cs: 1 =Ks
Surface factor
Stress Analysis of a Bevel-Gear Train
Determine the bending and surface stresses and safety factors in a straight bevel gearset. 
Quality Transmission Components MBS G4
From Example 12-7:
Cf: 1
Velocity factor
Kv: 0.85 For Qv=10
Cv: 0.85 =Kv
Hardness factor
CH: 1
Temperature factor
CT: 1
Reliability factor
CR: 1
Life factor
CL: 0.794906
Elastic coefficient
Cp: 2276 psi0.5
From this section:
Crowning factor
Cxc: 1
Kx: 1.15 =Cxc
Stress adj. factor
Cb: 0.634
Mounting factor
Cmd: 2.4
Solution
1
Tp: 945.4 lbf in = P / OMEGAp * 60
Find Forces
Wt: 600.4 lbf =Tp/(.5*dp)
Wa: 125.3 lbf =Wt*tan(phi)*sin(alpha)
Wr: 179.0 lbf =Wt*tan(phi)*cos(alpha)
2
dp: 3.149606 in =Np/pd
dg: 6.299213 in =Ng/pd
3
αg: 1.11 rad = ATAN(Ng/Np)
αg: 63.4 deg =DEGREES(ALPHAg)
αp: 26.6 deg =90-ALPHAgDeg
αp: 0.46 rad =RADIANS(ALPHApDeg)
4
See Excel file Ex13-02.xls.
Determine the pinion torque from the given power and speed.
Find the pitch diameters of pinion and gear.
Find the pitch cone angles from equation 13.7b:
Find the pitch cone length L from equation 13.7a:
L: 3.521 in = dp / (2 * SIN(ALPHAp))
5 Fmax 1.173789 =L/3
F: 1.102362 set Note 1.
6
Jp: 0.236
Jg: 0.236
7
σbp: 32380 psi = (2*Tp)/dp * pd/(FF*Jp) * 
       (Ka*Km*Ks)/(Kv*Kx)
8
σbg: 32380 psi = (2*Tp)/dp * pd/(FF*Jg) * 
       (Ka*Km*Ks)/(Kv*Kx)
9
I: 0.11
Use this in equation 13.11 to find TD.
Td: 1470.9 lbf in = (FF/2)*(I*Cv)/(Cs*Cmd*Cf*Ca*Cxc) *
       (((Sprmfc*dp)/(Cp*Cb)) *
       ((0.774*CH)/(CT*CR)))^2
10
σc: 98164 psi = Cp * Cb * SQRT(((2*TD)/(FF*I*dp^2)) * 
       (Tp/TD)^0.667 * ((Ca*Cm)/Cv) * Cs * 
       Cf * Cxc)
11
Pinion
Nbp: 1.58 =Sfb/SIGbp
Gear
Nbg: 1.62 =Sfb/SIGbg
Surface
Find the bending stress in the gear from equation 13.9 using Jg.
Note that the gear tooth is more highly stressed than the pinion tooth because the long 
addendum on the pinion makes it stronger at the expense of the short-addendum gear 
tooth.
Look up the surface geometry factor for this combination of pinion and gear in Figure 13-6 
to find
Since TD > Tp, z = 0.667.  Use these data to find the surface stress with equation 13.10.
The safety factors can now be found as
Use the pitch cone length L to find a suitable face width, set to the maximum 
recommended value.
Look up the bending geometry factors for pinion and gear in Figure 13-5 to find
Find the bending stress in the pinion from equation 13.9 using Jp.
Nc: 2.12 =(Sfc/SIGc)^2
12
These are acceptable safety factors.
Appendix 9: Pusher Shaft Design
Problem
Shaft Torque 1890.8 lb*in
Shaft Diameter 0.78740157 in
Force F 4802.632 lb
Key size (width) W 0.1875 in
Key Length L 0.87 in
Number of Keys N 2
Ashear As 0.32625 in^2
Abearing Ab 0.163125 in^2
Shear Stress txy 14720.7111 psi
Compress Stress Sigx 29441.4222 psi
SF Bearing Nb 2.37760253
SF Fatigue Shear Ns 1.97483825
3 Material=High Carbon Steel, machined
http://www.gr
ainger.com/G
rainger/key-
stock/key-
stock/fastene
rs/ecatalog/N-
8kmZ1z0nm
umZ1z10ij0
Sut: 140 ksi
Sy: 70 ksi
8 Use these factors to find the local mean and 
alternating notch stresses.
σa: 14.72 ksi
σm: 0.00 ksi
Key Design
Designing Propshaft Keys for fatigue
The local stresses are used to compute the von 
Mises alternating and mean stresses from equations 
6.22b.
σxa: 14.721 ksi
σya: 0.00 ksi
τxya: 0.00 ksi
σ'a: 14.721 ksi
σxm: 0.000
σym: 0
τxym: 0
σ'm: 0.000
9
Uncorrected endurance limit
S'e: 70 ksi
Load factor
Cload: 0.7
Square A95
A95 0.00292969
 diameter
deq: 0.19556731 in
Size factor
Csize: 1
Surface factor
A: 2.7
b': -0.265
Csurf: 0.72885281
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10 The corrected endurance limit is calculated using 
equation 6.6.  
Se: 29.071 ksi
11 The four possible safety factors are calculated using 
equation 6.18.  The smallest or most appropriate one 
can be selected from those calculated.
Modulus of elasticity
E: 3.00E+07 psi
Case 1 Factor of safety
Nf1: #DIV/0!
Case 2 Factor of safety
Nf2: 1.975
Case 3 Factor of safety
Nf3: 1.975
Case 4 Factor of safety
SaS: 28.478 ksi
SmS: 2.857 ksi
Nf4: 1.954
6Kt: 2.050
7
Neuber constant
a: 0.0003 in = 0.018^2
q: 0.8800 By Table
Kf: 1.9240 = 1 + q * (Kt - 1)
if… then Kfm = Kf.
Kfm: 1.9240 =Kf
Material 4340 QT @ 800 Machined
Sut 213.0000
Sy 198.0000
Uncorrected endurance limit
S'e: 100 ksi = 0.5*Sut max 100
Load factor
Cload: 1
 diameter
deq: 0.787401575 in = d
Size factor
Csize: 0.889382823 = 0.869*deq^-0.097
Surface factor
A: 2.7
b': -0.265
Csurf: 0.652143499 = AAA * Sut^bbb
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10
Se: 47.212 ksi = Cload * Csize * Csurf * Ctemp * Creliab * 
    Sprme
Shaft Design
See Page 575 for K's, 401 
Safety Factor SF 2.05
Pusher Shaft Design
Kt
Calculate the stress concentration factor for this geometry using Figure 10-16.  
The corrected endurance limit is calculated using equation 6.6.  
Inputs
yf SK  max
Fatigue Stress Concentration Factor MeanKfm 1.924
Fatigue Stress Concentration Factor AlternatingKf 1.924
Fatigue Shear Stress Concentration Factor Mean Kfsm 2.6280
Fatigue Shear Stress Concentration Factor AlternatingKfs 2.6280
Alternating Moment Ma 78 lb in
Mean Moment Mm 0 lb in
Alternating Torque Ta 0 lb in
Mean Torque Tm 1890.8 lb in
Fatigue/Endurance StrengthSe 47212.42539
Ultimate Tensile StrengthSut 213000.0000 psi
Yield Strength Sy 198000.0000 psi
Shaft Diameter (ASME) D 0.7711912
Shaft Diameter (Safe) D 0.78742917
Stress Concentration For D/d
1.27 1.33 1.2 1.09 1.11
-0.224631538 -0.21649 -0.23161 -0.12692 by interpolation
0.842176154 0.83425 0.84897 0.90337
2.245681868 2.146859186 2.333835 1.572283 1.717473
Output
6Kts: 2.850
7
Neuber constant
Note 6. a: 0.0003 in = 0.018^2
q: 0.8800 By Table
Kfs: 2.6280 = 1 + q * (Kt - 1)
if… then Kfm = Kf.
Kfms: 2.6280 =Kf
0.025413
Note 7.
= Cload * Csize * Csurf * Ctemp * Creliab * 
Calculate the stress concentration factor for this geometry using 
Figure 10-16.  
Kts
Pusher Shaft Design
Kt
Calculate the stress concentration factor for this geometry using Figure 10-16.  
The corrected endurance limit is calculated using equation 6.6.  
yf SK  max
  
Given: The material is Steel 
 Yield strength    Tensile strength   
 Tube length                                                                
  
 Tube OD    Tube ID   
  
Load limits     
Assumptions: The load is dynamic and the assembly is at room temperature.  Consider shear due to 
transverse loading as well as other stresses.  A finite life design will be sought with a life of  cycles. 
Stress-concentration factors are for bending , and for shear, . 
 
 
  
  
  
Table 6-3 constants   
  
 
  
  
Note that the bending value of Cload is used despite the fact that there is both bending and torsion present.  The 
torsional shear stress will be converted to an equivalent tensile stress with the von Mises calculation.  Csurf is 
calculated from equation 6.7e using data from Table 6-3.  This corrected fatigue strength is still at the tested number of 
cycles, N = 5E8. 
This problem calls for a life of 6E7 cycles, so a strength value at that life must be estimated from the S-N line of Figure 
6-33b using the corrected fatigue strength at that life.  Equation 6.10a for this line can be solved for the desired strength 
after we compute the values of its coefficients a and b from equation 6.10c. 
  
From Table 6-5 for 5E8  
  
Sy 198 ksi⋅:= Sut 213 ksi⋅:=
l 240 in⋅:=
a 9.961 in⋅:=
od 5.9 in⋅:= id 4.9in:=
Fmin 2871− lbf⋅:= Fmax 9052 lbf⋅:=
N 6 107⋅:=
Kt 2:= Kts 2:=
S'f5E8 0.5 Sut⋅ 106.5 ksi⋅=:=
Cload 0.7:=
A95 0.0766 od
2
⋅:= A95 2.666 in
2
⋅=
deq
A95
0.0766
:= deq 5.9 in⋅=
Csize 0.869
deq
in






0.097−
⋅:= Csize 0.732=
A 1.34:= b 0.085−:=
Csurf A
Sut
ksi






b
⋅:= Csurf 0.85=
Ctemp 1:=
Creliab 0.814:= 99% reliab
Sf5E8 Cload Csize⋅ Csurf⋅ Ctemp⋅ Creliab⋅ S'f5E8⋅:= Sf5E8 37.715 ksi⋅=
Sm 0.90 Sut⋅:= Sm 191.7 ksi⋅=
z 5.699:=
b
1
z
− log
Sm
Sf5E8






⋅:= b 0.124−=
  
  
  
Note that Sm is calculated as 90% of Sut because loading is bending rather than axial (see Eq. 6.9).  The value of z is taken 
from Table 6-5 for N = 5E8 cycles.  This is a corrected fatigue strength for the shorter life required in this case and so is 
larger than the corrected test value, which was calculated at a longer life. 
 
 
The bracket tube is loaded in both bending (as a cantilever beam) and in torsion.  The shapes of the shear, moment and torque 
distributions are shown in Figure 4-31.  All are maximum at the wall.  The alternating and mean components of the applied 
force, moment, and torque at the walls are 
Loads   
  
Moments   
  
  
Torques  
 
 
 
  
 
 
 
 
  
a
Sm
103 b⋅
:= a 451.154 ksi⋅=
Sn a N
b
⋅:= Sn 49.046 ksi⋅=
Kf 2.63:=
Kfs 2.71:=
Fa 2152 lbf⋅:= Fa 2.152 10
3
× lbf⋅=
Fm 15952 lbf⋅:= Fm 1.595 10
4
× lbf⋅=
Ma Fa l⋅ 0⋅:= Ma 0 lbf in⋅⋅=
Mm Fm l⋅ 0⋅:= Mm 0 lbf in⋅⋅=
Mmax Ma Mm+:= Mmax 0 lbf in⋅⋅=
a 9.961 in⋅:=
Tmax Fmax a⋅ 9.017 10
4
× lbf in⋅⋅=:=
Tmin 0 lbf⋅ in⋅:=
Mean
Tm
5.602 103⋅ lbf⋅ in⋅
2
:= Tm 2.801 10
3
× lbf in⋅⋅=
Alternate
Ta
Tmax
2
4.508 104× lbf in⋅⋅=:=
P 320 hp⋅:=
w 2 π⋅ 900⋅
rad
min
⋅ 94.248s 1−=:=
9.017 104⋅
900 2⋅ π⋅
15.946=P
w
2.241 104× lbf in⋅⋅=
  
The fatigue stress-concentration factor for the mean stresses depends on the relationship between the maximum local stress 
in the notch and the yield strength as defined in equation 6.17, a portion of which is shown here. 
Outer fiber   
Moment of 
inertia 
  
  
If  then  and  
 
which is less than  so,  and  
In this case, there is no reduction in stress-concentration factors for the mean stress because there is no yielding at the notch to 
relieve the stress concentration. 
The largest tensile bending stress will be in the top or bottom outer fiber at points A or A'.  The largest torsional shear 
stress will be all around the outer circumference of the tube.  (See Example 4-9 for more details.)  First take a 
differential element at point A or A' where both of these sresses combine.  (See Figure 4-32.)  Find the alternating 
and mean components of the normal bending stress and of the torsional shear stress on point A using equations 4.11b 
and 4.23b, respectively. 
  
  
  
  
Find the alternating and mean von Mises effective stresses at point A from equation 6.22b. 
   
  
   
  
c 0.5 od⋅:= c 2.95 in⋅=
I
π
64
od 4 id 4−( )⋅:= I 31.183 in4⋅=
J 2 I⋅:= J 62.366 in4⋅=
Kf σmax⋅ Sy< Kfm Kf:= Kfsm Kfs:=
Kf
Mmax c⋅
I
⋅ 0 ksi⋅=
Sy 198 ksi⋅= Kfm Kf:= Kfsm Kfs:=
σa Kf
Ma c⋅
I
⋅:= σa 0 psi⋅=
τa Kfs
Ta c⋅
J
⋅:= τa 5779 psi⋅=
σm Kfm
Mm c⋅
I
⋅:= σm 0 psi⋅=
τm Kfsm
Tm c⋅
J
⋅:= τm 359 psi⋅=
σxa σa:= σya 0 psi⋅:= τxya τa:=
σ' a σxa
2
σya
2
+ σxa σya⋅− 3 τxya
2
⋅+:= σ' a 10.01 ksi⋅=
σxm σm:= σym 0 psi⋅:= τxym τm:=
σ'm σxm
2
σym
2
+ σxm σym⋅− 3 τxym
2
⋅+:= σ'm 0.622 ksi⋅=
Because the moment and torque are both caused by the same applied force, they are synchronous and in-phase and any 
change in them will be in a constant ratio.  This is a Case 3 situation and the safety factor is found using equation 
6.18e. 
  
Since the tube is a short beam, we need to check the shear due to transverse loading at point B on the neutral axis where the 
torsional shear is also maximal.  The maximum transverse shear stress at the neutral axis of a hollow, thin-walled, round tube 
was given as equation 4.15d. 
Cross-section area   
  
  
Point B is in pure shear.  The total shear stress at point B  is the sum of the transverse shear stress and the torsional shear stress which 
act on the same planes of the element. 
  
  
Find the alternating and mean von Mises effective stresses at point B from equation 6.22b. 
   
  
   
  
The safety factor for point B is found using equation 6.18e. 
  
Nf
Sn Sut⋅
σ' a Sut⋅ σ'm Sn⋅+
:= Nf 4.83=
A
π
4
od 2 id 2−( )⋅:= A 8.482 in2⋅=
τabend Kfs
2 Fa⋅
A
⋅:= τabend 1375 psi⋅=
τmbend Kfsm
2 Fm⋅
A
⋅:= τmbend 10193 psi⋅=
τatotal τabend τa+:= τatotal 7154 psi⋅=
τmtotal τmbend τm+:= τmtotal 10552 psi⋅=
σxa 0 psi⋅:= σya 0 psi⋅:= τxya τatotal:=
σ' a σxa
2
σya
2
+ σxa σya⋅− 3 τxya
2
⋅+:= σ' a 12391 psi⋅=
σxm 0 psi⋅:= σym 0 psi⋅:= τxym τmtotal:=
σ'm σxm
2
σym
2
+ σxm σym⋅− 3 τxym
2
⋅+:= σ'm 18277 psi⋅=
Nf
Sn Sut⋅
σ' a Sut⋅ σ'm Sn⋅+
:= Nf 3=
Appendix 10: Spline Design
Inner Spline Design
Inputs:
Pitch Diameter dp 3.5 in
Shaft ID di 1.456693 in
spline minor Diameter dr 3.25 in
Torque Applied T 90170 lb*in
Contact Length l 3 in
Hub OD DH 6 in
Diametral Pitch P 4 teeth/in 
Load distribution K Km 1
Application Factor Ka 1.25
Max Effective L Le 3 in
Tooth Enguagement Depth h 0.225
Fatigue Life Factor Kf 0.77778
Outputs:
Approximate Required 
Contact Length (Norton) l-approx 2.689199 in
Shear Stress (Norton) txy 12.49611 ksi
Circular Pitch p 0.785398 teeth/in
Number of Teeth N 14 teeth
tooth thickness@ dp t 0.3927 in
Major Diametor D 3.75 in
Spline Wall Thickness tw 1.125 in
Tip Shear Stress Ttip 14.3217 ksi
Pitch Diameter Shear Tpitch 10.04146 ksi
Compressive Stress Scomp 0.97365 ksi
Interpolation
Radial Load Tensile Stress Srad 1.402845 ksi
Cetrifugal Tensile Stress Scent 0.052288 ksi Inputs
Beam Load Tensile Stress Sbeam 6.542948 ksi x1 14.5
Net Bursting Tensile Stress Sburst 12.83722 ksi x2 20
30 degree pressure angle; filleted 
root; major diametor fit; rigid
y1 3
fillet radius (approx) r 0.75 y2 2.9
fillet r / major D r/d 0.2 X 30
.5toothe height e 0.125
tooth thickness @ base t 0.7854 Output
.5tooth height/ thickness e/t 0.159155 m -0.01818
Kt 20 deg gear Kt20 2.9 Y 2.718182
Kt 14.5 deg gear Kt14.5 3
Interpoleted Kt for 30 Kt30 2.718182
Kts Yoshitake KtY 2.8
MaxShear 14.3217 1
Sfbearing 74.81415
SfFatigue (use max shear) 1.519
SFBurst 2.328 0
3
Sut: 213 ksi
Sy: 198 ksi
4
Diameter
d: 3.5 in
6
Kts: 2.800
7
Neuber constant
a: 0.0003 in = 0.018^2 Note 6.
q: 0.9500 By Table
Kf: 2.7100 = 1 + q * (Kt - 1)
Kfms: 2.7100 =Kf
σxa: 0.000 ksi
σya: 0.00 ksi =0
τxya: 19.41 ksi =0
σ'a: 19.406 ksi = SQRT(SIGxa^2 + SIGya^2 - SIGxa*SIGya +
Material=4340 QT @800 F
We will assume the trial dimensions to be the same as those of the successful 
           
Calculate the stress concentration factor for this geometry using Figure 4-36.  
     
      TAUxya^2)
σxm: 0.000 =SIGm
σym: 0 =0
τxym: 19.4059 =0
σ'm: 19.406 = SQRT(SIGxm^2 + SIGym^2 - 
     SIGxm*SIGym + TAUxym^2)
9
Uncorrected endurance limit
S'e: 100 ksi = 0.5*Sut max 100
Load factor
Cload: 0.7
 diameter
deq: 3.5 in = d
Size factor
Csize: 0.769565 = 0.869*deq^-0.097
Surface factor
A: 1.34 Note 7.
b': -0.085
Csurf: 0.849557 = AAA * Sut^bbb
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10
Se: 37.253 ksi = Cload * Csize * Csurf * Ctemp * Creliab * 
    Sprme
11
Modulus of elasticity
E: 3.00E+07 psi
Case 1 Factor of safety
Nf1: 9.203 = (Sy/SIGprmm) * (1 - (SIGprma/Sy))
Case 2 Factor of safety
Nf2: 1.745 = (Se/SIGprma) * (1 - (SIGprmm/Sut))
Case 3 Factor of safety
Nf3: 1.634 = (Se * Sut) / 
       (SIGprma * Sut + SIGprmm * Se)
Case 4 Factor of safety
SaS: 33.430 ksi = Se * (1 - ((Se^2 + Sut * SIGprmm - Se * 
       SIGprma) /   (Se^2 + Sut^2)))
SmS: 21.859 ksi =Sut*((Se^2+Sut*SIGprmm-Se*SIGprma) /
       (Se^2 + Sut^2))
The corrected endurance limit is calculated using equation 6.6.  
The four possible safety factors are calculated using equation 6.18.  The 
          
Nf4: 1.519 = (SQRT(SIGprma^2 + SIGprmm^2) +
       SQRT((SaS - SIGprma)^2 + 
       (SmS - SIGprmm)^2)) / 
       SQRT(SIGprma^2 + SIGprmm^2)
Outer Spline Design
Inputs:
Pitch Diameter dp 5.75 in
Shaft ID di 4.92126 in
spline minor Diameter dr 5.5 in
Torque Applied T 90170 lb*in
Contact Length l 1.25 in
Hub OD DH 7 in
Diametral Pitch P 4 teeth/in 
Load distribution K Km 1
Application Factor Ka 1.25
Max Effective L Le 1.25 in
Tooth Enguagement Depth h 0.225
Fatigue Life Factor Kf 0.77778
Outputs:
Approximate Required 
Contact Length (Norton) l-approx 1.806564 in
Shear Stress (Norton) txy 11.11185 ksi
Circular Pitch p 0.785398 teeth/in
Number of Teeth N 23 teeth
tooth thickness@ dp t 0.3927 in
Major Diametor D 6 in
Spline Wall Thickness tw 0.5 in
Tip Shear Stress Ttip 6.241874 ksi
Pitch Diameter Shear Tpitch 8.929121 ksi
Compressive Stress Scomp 0.865794 ksi
Interpolation
Radial Load Tensile Stress Srad 4.611091 ksi
Cetrifugal Tensile Stress Scent 0.075964 ksi Inputs
Beam Load Tensile Stress Sbeam 5.818152 ksi x1 14.5
Net Bursting Tensile Stress Sburst 16.8589 ksi x2 20
y1 3
fillet radius (approx) r 0.75 y2 2.9
fillet r / major D r/d 0.125 X 30
.5toothe height e 0.125
tooth thickness @ base t 0.7854 Output
30 degree pressure angle; filleted 
root; major diametor fit; rigid
.5tooth height/ thickness e/t 0.159155 m -0.01818
Kt 20 deg gear Kt20 2.9 Y 2.718182
Kt 14.5 deg gear Kt14.5 3
Interpoleted Kt for 30 Kt30 2.718182
Kts Yoshitake KtY 2.8
MaxShear 8.929121 1
Sfbearing 84.13411
SfFatigue (use max shear) 2.233
SFBurst 2 0
3
Sut: 213 ksi
Sy: 198 ksi
4
Diameter
d: 5.75 in
6
Kts: 2.800
7
Neuber constant
a: 0.0003 in = 0.018^2 Note 6.
q: 0.9500 By Table
Kf: 2.7100 = 1 + q * (Kt - 1)
Kfms: 2.7100 =Kf
σxa: 0.000 ksi
σya: 0.00 ksi =0
τxya: 12.10 ksi =0
σ'a: 12.099 ksi = SQRT(SIGxa^2 + SIGya^2 - SIGxa*SIGya +
      TAUxya^2)
σxm: 0.000 =SIGm
σym: 0 =0
τxym: 12.09896 =0
Material=4340 QT @800 F
We will assume the trial dimensions to be the same as those of the successful 
           
Calculate the stress concentration factor for this geometry using Figure 4-36.  
     
σ'm: 12.099 = SQRT(SIGxm^2 + SIGym^2 - 
     SIGxm*SIGym + TAUxym^2)
9
Uncorrected endurance limit
S'e: 100 ksi = 0.5*Sut max 100
Load factor
Cload: 0.7
 diameter
deq: 5.75 in = d
Size factor
Csize: 0.733385 = 0.869*deq^-0.097
Surface factor
A: 1.34 Note 7.
b': -0.085
Csurf: 0.849557 = AAA * Sut^bbb
Temperature factor
Ctemp: 1
Reliability factor
Creliab: 0.814
10
Se: 35.502 ksi = Cload * Csize * Csurf * Ctemp * Creliab * 
    Sprme
11
Modulus of elasticity
E: 3.00E+07 psi
Case 1 Factor of safety
Nf1: 15.365 = (Sy/SIGprmm) * (1 - (SIGprma/Sy))
Case 2 Factor of safety
Nf2: 2.768 = (Se/SIGprma) * (1 - (SIGprmm/Sut))
Case 3 Factor of safety
Nf3: 2.515 = (Se * Sut) / 
       (SIGprma * Sut + SIGprmm * Se)
Case 4 Factor of safety
SaS: 32.907 ksi = Se * (1 - ((Se^2 + Sut * SIGprmm - Se * 
       SIGprma) /   (Se^2 + Sut^2)))
SmS: 15.567 ksi =Sut*((Se^2+Sut*SIGprmm-Se*SIGprma) /
       (Se^2 + Sut^2))
Nf4: 2.233 = (SQRT(SIGprma^2 + SIGprmm^2) +
       SQRT((SaS - SIGprma)^2 + 
       (SmS - SIGprmm)^2)) / 
       SQRT(SIGprma^2 + SIGprmm^2)
The corrected endurance limit is calculated using equation 6.6.  
The four possible safety factors are calculated using equation 6.18.  The 
          
Thermal Expansion
Pinion Shaft COAX Inner Shaft
Material: Steel Material: Steel
TE Coefficient 0.000012 TE Coefficient 0.000012
Max Temp 105 Deg C Max Temp 105 Deg C
Min Temp -20 Deg C Min Temp -20 Deg C
Delta T 125 Deg C Delta T 125 Deg C
Linear Length 14.115 in Linear Length 3.78 in
Change in Length 0.021173 Change in Length 0.00567
Engine Block (radial) Engine Block (Height)
Material: Steel Material: Steel
TE Coefficient 0.000024 TE Coefficient 0.000024
Max Temp 105 Deg C Max Temp 105 Deg C
Min Temp -20 Deg C Min Temp -20 Deg C
Delta T 125 Deg C Delta T 125 Deg C
Linear Length 107.0969 in Linear Length 10.15 in
Change in Circumference 0.321291 Change in h 0.03045
Change in Radius 0.051135
Net Pinion Shaft Change -0.02996
Net Inner Shaft 
Change (WRT 
midplane) -0.00956
COAX Outer  Shaft
Material: Steel
TE Coefficient 0.000012
Max Temp 105 Deg C
Min Temp -20 Deg C
Delta T 125 Deg C
Linear Length 3.99 in
Change in Length 0.005985
Net Outer Shaft 
Change (WRT 
midplane) -0.00924
Appendix 12: Torsional Vibration 
  
Forcing Frequency 
 
Diameter  
 
 
 
 
Polar moment of Inertia 
 
Weight  
 
 
Stiffness of Shaft  
 
Spring Constant 
 
Moment of Inertia 
From Inertia calculator 
  
ωf 94.25
rad
s
:=
Df 30in:=
D 3.75in:=
d 1.850in:=
df 7in:=
J
π D4 d4−( )⋅
32
18.264 in4⋅=:=
mf 63lb:=
L 20in:=
G 11.7 106psi⋅:=
kt
G J⋅( )
L
1.207 106× J=:=
I
mf Df
2 df
2
+

⋅
2
2.989 104× lb in2⋅⋅=:= I2 2582986.59 lb⋅ in
2
⋅:=
Appendix 12: Torsional Vibration 
Natural Frequency over Forcing Frequency ratio 
  
  
ωn
kt
I
371.481
1
s
=:= wn kt
I I2+( )
I I2⋅
⋅ 373.624
1
s
=:=
ωn
ωf
3.941=
wn
ωf
3.964=
  
Forcing Frequency 
 
Diameter  
 
 
 
 
Polar moment of Inertia 
 
 
Weight  
 
Moment of Inertia 
 
 
Stiffness of Shaft  
 
Spring Constant 
 
ωf 94.25
rad
s
:=
Df 30in:=
df 7in:=
D 6in:=
d 4.921in:=
J
π D4 d4−( )⋅
32
69.662 in4⋅=:=
L 12in:=
mf 63lb:=
I
mf Df
2 df
2
+

⋅
2
2.989 104× lb in2⋅⋅=:=
I2 2582986.59 lb⋅ in
2
⋅:=
G 11.7 106psi⋅:=
kt
G J⋅( )
L
7.674 106× J=:=
Natural Frequency over Forcing Frequency ratio 
  
  
ωn
kt
I
936.604
1
s
=:= wn kt
I I2+( )
I I2⋅
⋅ 942.008
1
s
=:=
ωn
ωf
9.937=
wn
ωf
9.995=
  
Forcing Frequency 
 
Diameter  
  
  
 
 
 
 
 
Moment of Inertia 
 
 
 
Spring Constant 
 
 
 
f 188.5
rad
s

D 1in d 0.79in
Df 2.76in df 0.78in
Length
L1 14.64in
L2 11.36in
Weight
mf 2.5lb
I
mf Df
2
df
2



2
10.282lb in
2

I2 147.78lb in
2

G 11.710
6
psi
kt1
G d
4 
32L1
3.453 10
3
 J
kt2
G D
4 
32L2
1.142 10
4
 J
keff
1
kt1
1
kt2





1
2.651 10
3
 J
 
 
  
wn keff
I I2 
I I2
 970.806
1
s

n
keff
I
938.698
1
s

n
f
4.98
wn
f
5.15
Appendix 13: Bolt Preload Analysis
Top Hub Innder Bolt Circle (To Gear)
Torque T 1890.875 lb in
Bolt Circle Diameter D 3.9914 in
Coef of Friction mew 0.8
Force @ bolt circle F 947.4747 lb
Preload N 1184.343 lb
Preload SF PSF 1.5
Adjusted Preload N' 1776.515 lb
Number of Bolts b 6
Preload per bolt N'/b 296.0859 lb
Diameter
d: 0.138 in
minor d 0.0989 in
Pitch: 0.03125 in/thread
Area: 0.014957123 in^2
Shear Area: 0.009844966 in^2
Thread Shear Stress: 30074.84772 psi
Tensile Stress: 19795.64252 psi
Sy 130 ksi SAE Grade 8 bolts
SyShear 75.01 ksi
Sut 150 ksi
Sfshear 2.494110716
Sftensile 7.577425175
Top Hub Outer Bolt Circle (To Cam)
Torque T 90170 lb in
Bolt Circle Diameter D 8.875 in
Coef of Friction mew 0.61
Force @ bolt circle F 20320 lb
Preload N 33311.48
Preload SF PSF 1.5
Adjusted Preload N' 49967.21
Number of Bolts b 10
Preload per bolt N'/b 4996.721
Diameter
d: 0.625 in
minor d 0.5119 in
Pitch: 0.090909091
Area: 0.306796158 in^2
Shear Area: 0.137019136 in^2
Thread Shear Stress: 36467.32473
Tensile Stress: 16286.77931
Sy 130 SAE Grade 8 Bolts
SyShear 75.01
Sut 150
Sfshear 2.056909865
Sftensile 9.209924022
Top Hub Connection Bolt Circle (Between two sections of top hub)
Torque T 90170 lb in
Bolt Circle Diameter D 7 in
Coef of Friction mew 0.8
Force @ bolt circle F 25762.86 lb
Preload N 32203.57
Preload SF PSF 1.5 SF against slipping
Adjusted Preload N' 48305.36
Number of Bolts b 23
Preload per bolt N'/b 2100.233
Diameter Look AT:
d: 0.375 in http://www.engineersedge.com/screw_threads_chart.htm
minor d 0.297 in
Pitch: 0.0625
Area: 0.110446617 in^2
Shear Area: 0.055724 in^2
Thread Shear Stress: 37689.91693
Tensile Stress: 19015.81942
Sy 130 BLACK OXIDE ALLOY STEEL or SAE Grade 8
SyShear 75.01 http://www.mcmaster.com/#socket-head-cap-screws/=gc5a56
Sut 180
Sfshear 1.990187459
Sftensile 9.465802973
Bottom Hub Inner Bolt Circle (to Gear)
Torque T 1890.875 lb in
Bolt Circle Diameter D 3.9914 in
Coef of Friction mew 0.8
Force @ bolt circle F 947.4747 lb
Preload N 1184.343 lb
Preload SF PSF 1.5
Adjusted Preload N' 1776.515 lb
Number of Bolts b 6
Preload per bolt N'/b 296.0859 lb
Diameter
d: 0.138 in
minor d 0.0989 in
Pitch: 0.03125 in/thread
Area: 0.014957123 in^2
Shear Area: 0.009844966 in^2
Thread Shear Stress: 30074.84772 psi
Tensile Stress: 19795.64252 psi
Sy 130 ksi SAE Grade 8 bolts
SyShear 75.01 ksi
Sut 150 ksi
Sfshear 2.494110716
Sftensile 7.577425175
Bottom Hub Outer Bolt Circle (To Cam)
Torque T 90170 lb in
Bolt Circle Diameter D 8 in
Coef of Friction mew 0.61
Force @ bolt circle F 22542.5 lb
Preload N 36954.92
Preload SF PSF 1.5
Adjusted Preload N' 55432.38
Number of Bolts b 12
Preload per bolt N'/b 4619.365
Diameter
d: 0.625 in
minor d 0.5119 in
Pitch: 0.090909091
Area: 0.306796158 in^2
Shear Area: 0.137019136 in^2
Thread Shear Stress: 33713.28197
Tensile Stress: 15056.78816
Sy 130 SAE Grade 8 Bolts
SyShear 75.01
Sut 150
Sfshear 2.224939122
Sftensile 9.962284012
Guideplate Outer Bolt Pattern (To Block)
Torque T 102960 lb in
Bolt Circle Diameter D 29.3 in
Coef of Friction mew 0.61 Steel on Aluminum
Force @ bolt circle F 7027.986 lb
Preload N 11521.29 lb
Preload SF PSF 1.5
Adjusted Preload N' 17281.93 lb
Number of Bolts b 16
Preload per bolt N'/b 1080.121 lb
Diameter
d: 0.25 in
minor d 0.1887 in
Pitch: 0.05 in/thread
Area: 0.049087385 in^2
Shear Area: 0.02913513 in^2
Thread Shear Stress: 37072.79984
Tensile Stress: 22004.04132
Sy 130 SAE Grade 8 Bolts
SyShear 75.01
Sut 150
Sfshear 2.023316295
Sftensile 6.816929572
Bolt Coef of Friction mew2 0.15 Lubricated Steel on Steel
Lead L 0.05 in
Pitch Diameter dp 0.2175 in
Lead Angle Lamda 0.073306 rad
Lead Angle Lamda 4.2001 degrees
radial angle alpha 14.5 degrees ACME Threads
radial angle alpha 0.253073 rad
Torque Coefficient K 0.207619 by calcs
Torque Coefficient Ki UNC 0.22 by Table
Preload Torque Ti 59.40665 lb in
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